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Abstract 
Rhizosphere colonisation of Beauveria Vuillemin species 
(Ascomycota: Hypocreales) 
(B. bassiana and B. caledonica) 
 
 
by 
Aimee Claire McKinnon 
 
Insect pathogenic fungi play an important role in controlling insect populations and are 
therefore considered as potential biocontrol agents of insect pests. Although there is a large 
body of research which provides insights into the pathogenicity of insect pathogenic fungi, 
there has been less emphasis placed on the ecology of these organisms. Recent studies have 
discovered that certain isolates of entomopathogenic fungi species are rhizosphere competent 
and even endophytic, while still maintaining the ability to infect insects in laboratory 
bioassays. Among isolates of Beauveria bassiana, pathogenicity may be demonstrated in 
bioassays but these same isolates may not be observed to infect insects in the field for reasons 
that are unclear. It is therefore necessary to understand the ecology of these candidates, prior 
to selecting them as biocontrol agents. The purpose of this research was to ascertain whether 
certain isolates of B. bassiana and B. caledonica colonise the rhizosphere of pine (Pinus 
radiata) and other plant species.  
Keywords: Beauveria bassiana, entomopathogenic fungi, ecology, Pinus radiata, 
rhizosphere, endophyte. 
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     Chapter 1 
Introduction 
1.1 Insect pests in New Zealand pine forests 
There are several potentially significant insect pests of exotic pine plantations in New 
Zealand. The introduced pine bark beetles’ Hylastes ater (Paykull) (Curculionidae: 
Scolytinae) and Hylurgus ligniperda (Fabricius) (Curculionidae: Scolytinae) (Brownbridge et 
al., 2010) are of particular importance. Although H. ligniperda was introduced relatively 
recently and is only a minor pine pest at present, this species is known to cause significant 
damage in Chile to regenerative forests (Mausel et al., 2007). In New Zealand, both species 
are pests of re-established Pinus radiata D. Don forests and can be particularly problematic 
in second and third rotation forests where seedlings are planted on or near recently harvested 
areas (Reay and Walsh, 2002). This is due to the adult maturation feeding that typically 
results in subterranean damage to the bark around the root collar of the seedling. In heavily 
infested forests, the seedlings may be totally ring-barked from this feeding causing tree 
mortality. Both insect species bore into stumps and other similar log waste in order to breed 
under the bark. For this reason, recently deforested/harvested areas can support greater 
numbers of beetles multiplying, potentially resulting in extensive seedling damage 
(Brownbridge et al., 2010).  
Other pests of P. radiata include Helicoverpa armigera (Lepidoptera: Noctuidae) which 
periodically attacks young seedlings during larval feeding when preferred understory hosts 
have been completely consumed prior the completion of their development (Herman, 2000), 
and looper caterpillar (Selidosema suavis, Lepidoptera:Geometridae) which has been 
observed to defoliate seedlings (White, 1974) . Helicoverpa armigera can defoliate the young 
trees and often feed on the terminal bud of the leader branch causing stunted growth 
(Herman, 2000). Occasionally, indigenous grass grub species (such as Costelytra or 
Odontria) can cause significant damage through root feeding on young pines (Zondag, 1968). 
The pinhole borer insects’: Platypus apicalis (White), Platypus gracilis (Broun) and 
Treptoplatypus caviceps (Broun) (Curculionidae: Platypodinae) are pests in native forests 
(such as Northofagus spp.) but occasionally attack exotic forests in New Zealand. Of the 
insect pests in New Zealand pine forests, pinhole borers and pine bark beetles can cause 
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severe damage to forest trees and are difficult to control by conventional methods because of 
their cryptic life history strategy (Reay et al., 2007). 
1.2 Biological control 
The control of pest species populations using living agents is called biological control. 
Recently, biological control has attracted much interest generating research from a range of 
disciplinary backgrounds (Goettel et al., 2010; Hajek and Delalibera, 2010; Pell et al., 2010). 
Plant pathologists, ecologists, entomologists, weed scientists, microbiologists and insect 
pathologists have been gathering information contributing to a wider understanding of the 
subject in general.  Biological control (biocontrol) agents are predominantly used to control: 
(1) invertebrate pests with parasitoids, predators or pathogens, (2) weeds by using herbivores 
and pathogens and (3) plant pathogens with antagonistic microbial control agents that may 
possess the ability to induce resistance in plants. Much of the interest that has accumulated 
over the prospect of biological control results from concerns that chemical pesticide use is 
detrimental to public and environmental health and biological agents are inherently safer. 
However, there is also a range of pests and plant pathogens that remain uncontrolled by 
existing agents, grow resistant to chemical pesticides or are only partially controlled.  
Biological control may offer a solution in some of these circumstances (Cook, 1993; Deacon 
and Berry, 1993; Whipps, 1997).  
 
The subject of biological control has acquired certain terminology with particular 
implications to the various disciplines as a result of different types of control. There are four 
fundamental types of biological control that have been clearly defined by Eilenberg et al. 
(2001) and will be discussed briefly here.  
1.2.1 Classical biological control  
The first type of biocontrol, defined by Eilenberg et al. (2001), was ‘The intentional 
introduction of an exotic biological control agent for permanent establishment and long-term 
pest control’. The principle of classical biological control originates from the intentional 
release of natural enemies of invasive species in order to regulate their populations; this 
concept has also been termed as ‘augmentation’ (Hajek and Delalibera, 2010; Hoy, 1992).  
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1.2.2 Inoculation biological control 
This second type of biocontrol was defined as ‘The intentional release of a living organism 
as a biological control agent with the expectation that it will multiply and control the pest for 
an extended period, but not permanently’ 
1.2.3 Inundation biological control  
(Eilenberg et al., 2001). An example of inoculation 
would be the release of parasitoid wasps in a glasshouse to control aphid pests. The success 
of this type of application is usually subject to population density-dependent processes, 
particularly with insect pest populations.  
Inundation biological control was defined as ‘The use of living organisms to control pests 
when control is achieved exclusively by the released organisms themselves’ (Eilenberg et al., 
2001). In contrast with inoculation biological control, although the agent applied is a living 
organism with the capacity to reproduce in the environment, reproduction is not required in 
order to achieve pest control and so the efficacy of the biocontrol agent is not reliant on the 
density of the host population (Eilenberg et al., 2001). Often inundation biocontrol agents are 
lethal microbial pathogens to the pest, or the agent may produce a lethal toxin. For example, 
the bacterial biocontrol agent Bacillus thuringiensis (Bt) produces the Cry toxins which are 
lethal to most insects if ingested (Hofte and Whiteley, 1989).  Consequently, there is an 
associated public perception to view such agents as chemical pesticide replacements; offering 
an alternative but still providing a silver bullet approach to the pest problem (Cook, 1993). 
From this perspective the concept of ‘biopesticides’ was established. Biopesticides may be 
defined as pesticides that have been derived from organic materials including material from 
animals, plants, microorganisms or certain minerals (Cook, 1993; Eilenberg et al., 2001).  
In inundation biological control, some multiplication of the organism may occur after release 
resulting in an overlap with inoculation biological control. In practice, inundation of the 
biocontrol agent may be followed by residual inoculative effects, particularly if the host 
environment is ecologically suitable for the applied agent. Generally, with inundation 
biological control, there is an expectation that the agent will decline in quantity over time. 
This is important for regulatory purposes because the length of time the applied organism will 
persist and possibly multiply in the host environment may potentially affect non-target 
organisms. Consequently, research directed at studying the ecology of biocontrol candidates 
is a current priority in order to optimise the potential for inundative biological control and 
minimise any associated risks (Bruck, 2010; Deacon and Berry, 1993; Eilenberg et al., 2001; 
 4 
 
Hoy, 1992; Jaronski, 2010; Meyling and Eilenberg, 2007; Scheepmaker and Butt, 2010; 
Whipps, 1997).   
1.2.4 Conservation biological control 
The fourth type of biological control was outlined as the ‘Modification of the environment or 
existing practices to protect and enhance specific natural enemies or other organisms to 
reduce the effect of pests’ (Eilenberg et al., 2001). This type of biological control is 
somewhat self-explanatory, capitalising on localised natural enemies and the cultural 
practices that optimise their potential. Biocontrol agents that are either locally adapted or 
demonstrate phenotypic plasticity within a variety of habitats, provide an advantage over 
those that are chosen solely for their ability to function well in vitro with little knowledge 
acquired first of their ecological tolerances or performance.  
1.3 Insect pathogenic fungi 
The desired outcome of biological control is to reduce or regulate pest/pathogen populations 
in order to decrease associated damage below an economic threshold. This can only be 
achieved successfully when the selected biocontrol agent is appropriate for the task by not 
only the mode of action, but also because of ecological suitability (Cook, 1993; Deacon and 
Berry, 1993). In order for biological control to be adapted and utilised in standard agricultural 
practices, the practices themselves may require alteration to an extent, in order to 
accommodate the biocontrol agent in the environment. However, it can be difficult to get 
uptake of novel technologies if agricultural practise require change.  
In the early 1800s in Italy, Agostino Bassi (1773–1856) demonstrated that the muscardine 
disease of silkworms was caused by the infectious fungal agent Beauveria bassiana (then 
known as Botrytis bassiana). This was the first practical demonstration of the germ theory of 
disease (Goettel et al., 2010). Following this discovery, Audoin (1837) found that B. bassiana 
also infected other insect species, stimulating the prospect of the use of insect pathogenic 
(entomopathogenic) fungi to control insect pests. In Russia, Elie Metchnikoff (1845-1916) 
identified the causal agent of an insect disease of wheat cockchafers as a green muscardine 
fungus, Entomopthora anisopliae (Metarhizium anisopliae). Later, his student Krassilstchik 
(1888) cultured this same fungus in bulk quantities and applied it in the field to manage the 
sugarbeet weevil, which was probably the first use of microbes for practical control of insects 
through inundative inoculation (Goettel et al., 2010). However, with the invention and 
 5 
 
application of chemical insecticides in the 1940s, the potential for the use of 
entomopathogenic fungi and other biological control agents became obsolete and biocontrol 
agents have been inappropriately compared with pesticides ever since (Vega et al., 2009). 
This focus on a chemical paradigm for biocontrol agents has resulted in agents being selected 
for biological control on the basis of pathogenicity and efficacy, with little focus on 
ecological suitability or function (Waage, 1997).  
1.3.1 Entomopathogenic fungi in biocontrol 
Despite the lack of knowledge of the ecology of entomopathogenic fungi that have been 
applied as biocontrol agents, there has been enough success to demonstrate the potential of 
these organisms. Some entomopathogenic fungal species are known for their ability to cause 
epizootics naturally in insect populations. Consequently, these fungi have been selected for 
classical biological control. Following release, a collapse in the population because of 
increased mortality from the pathogen can occur depending on the pest population density 
and environmental suitably for infection.  For example, small amounts of inocula of 
Entomophaga maimaiga were released to control gypsy moth (Lymantria dispar (L.)) and the 
fungus spread through the population naturally (Hajek and Delalibera, 2010). However, 
generally there is a complex interaction between the fungus, the host and the environment 
and this interaction is essential for the survival and reproduction of the fungus (Jaronski, 
2008).  
There are an estimated 700 species of entomopathogenic fungi representing approximately 90 
genera (Goettel et al., 2010), but the majority of the fungi utilised in commercial 
formulations are species of Beauveria, Metarhizium, Lecanicillium and Isaria, because mass 
production of these fungi is relatively easy and they attack significant pest species (Vega et 
al., 2009). Attention has been directed towards the technical development of effective 
biopesticide formulations, with an emphasis on the selection of strains that demonstrate rapid 
kill in laboratory bioassays (Devi et al., 2001). An effective product must meet the market 
demands of reasonable cost, relatively long shelf-life and consistent efficacy under diverse 
field conditions in order to compete with chemical pesticide alternatives. However, meeting 
these demands with live biologicals has proved challenging with very few success stories 
(Jaronski, 2008; Pell et al., 2010; Vega et al., 2009; Whipps, 1997). The emphasis on 
pathogenicity for strain selection has resulted in the neglect of other important factors. For 
example, the ecology of entomopathogenic fungi isolates’ selected for commercial 
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formulations has not been well understood. The importance of understanding the ecology and 
life history of these organisms has now been recognised as a priority by many in order to 
optimise the outcome of biocontrol agents in the field (Bruck, 2010; Elliot et al., 2000; 
Jaronski, 2008; Meyling and Eilenberg, 2007). Molecular tools provide the support necessary 
for ecological research and offer insight on population characteristics, the relationship of 
genotypes with certain habitats, in addition to assessing host-pathogen interactions (Enkerli 
and Widmer, 2010). Understanding not only the ecology of these organisms but also their 
specific life history, how they interact with the host, the environment and other microbes 
would provide useful information to aid in the successful selection and management of these 
fungi as biocontrol agents (Jaronski, 2008; Meyling et al., 2009).  
1.3.2 Mode of action of entomopathogenic fungi 
Entomopathogenic fungi are typically identified by the fungal growth observed on insect 
cadavers. The insect host may be killed by a variety of means, such as through starvation, 
intra-cellular multiplication of the pathogen, or from the production of toxins (Goettel et al., 
2010). These fungi characteristically infect their insect hosts by penetrating the external 
cuticle or through invading a body opening (Tanada and Kaya, 1993). They possess 
mechanisms to produce specialised enzymes that degrade the host’s integument and 
overcome the insect defence compounds. Infection is achieved through an infective spore 
stage. Mitosporic conidia germinate on the cuticle of the host and form a germ tube to 
penetrate the cuticle and subsequently invade the haemocoel of the insect. The structure of 
the fungus may change as it utilises the haemocoel, such as for species of Beauveria which 
form unique hyphal bodies within the insect (Lewis et al., 2009). In favourable conditions, 
the fungus grows out of the cadaver and sporulates. However, some entomopathogenic fungi 
can also develop some form of resting stage that enables them to persist in adverse 
conditions. Different entomopathogens obtain nutrition by various econutritional modes 
including biotrophy (nutrition from living cells), necrotrophy (termination and utilisation of 
dead tissues) and hemibiotrophy (initially biotrophic followed by necrotrophy) (Vega et al., 
2009).  
Traditionally, entomopathogenic fungi have been considered only as lethal pathogens of 
insects, important for the regulation of natural insect populations. More recently however, 
these fungi have demonstrated other important and diverse roles. It is unknown whether 
certain entomopathogenic fungi species such as members from Metarhizium, Beauveria, 
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Lecanicillium and Isaria are only insect pathogens relying solely on the insect for nutrition, 
or whether they are facultative parasites, with the potential to make use of other nutritional 
sources in vivo (Vega et al., 2009). For species of Beauveria and Metarhizium, evidence is 
cumulating to suggest that these fungi may have a more complex life history strategy making 
use of additional nutritional modes (Jaronski, 2008; Meyling and Eilenberg, 2007; Vega et 
al., 2009). 
1.3.3 Beauveria spp.  
The anamorphic genus Beauveria Vuillemin (Ascomycota: Hypocreales) is well documented 
to include species that have large host ranges. Beauveria bassiana (Bals.) Vuill. is generally 
one of the most common terrestrial entomopathogenic fungi, occurring on multiple hosts and 
is ubiquitous in most regions of the world (Bissett and Widden, 1988; Glare and Inwood, 
1998; Glare et al., 2008; Meyling et al., 2009; Rehner and Buckley, 2005; Rehner et al., 2011 
; Roy et al., 2010). Beauveria bassiana sensu lato is a morphospecies which is known to 
occur globally and infects hosts across an extensive range of insect orders. The mitosporic 
conidia of B. bassiana persist in the soil (Figure 1-1) and more recently some isolates have 
been found to occur as epibionts and endophytes of plants (Akello et al., 2007; Bing and 
Lewis, 1992; Goettel et al., 2010; Gomez-Vidal et al., 2006; McGee, 2002; Ownley et al., 
2010; Ownley et al., 2008; Powell et al., 2009; Quesada-Moraga et al., 2009; Reay et al., 
2010; Tefera and Vidal, 2009; Vega, 2008; Zabalgogeazcoa et al., 2008). Beauveria bassiana 
reproduces asexually, however, a teleomorph stage has been described as Cordyceps 
bassiana, so at least some strains of the species complex may be facultatively sexual 
(Meyling et al., 2009).  
 
Figure 1-1 Conidia of Beauveria bassiana (Glare, unpublished). 
 8 
 
The infection process for Beauveria has been well characterised (Doberski, 1981; Goettel et 
al., 2010; Tanada and Kaya, 1993) involving the mass production of asexual conidia on 
cadavers of insect hosts that, on contact with a susceptible host, germinate and form a tube to 
directly penetrate the insect cuticle. Specialised physical structures, such as hyphal 
appressoria, may also form to penetrate the insect host cuticle and toxic metabolites are 
secreted by the fungus, which may assist in the infection process (Campos et al., 2010). The 
fungus multiplies in the haemocoel of the insect eventually causing death. The fungus 
emerges from the cadaver and in suitable conditions, sporulates. Beauveria bassiana is 
known as the white muscardine fungus due to the characteristic symptom of disease on the 
insect host: the conidia are white and/or grey and eventually cover the entire insect cadaver 
(Goettel et al., 2010). Other Beauveria species may also appear cream/yellow or pink tinged 
indicating the production of certain metabolites (Tanada and Kaya, 1993). Different strains of 
the fungus exhibit considerable variation in pathogenicity and host range. For this reason the 
isolate of the fungi is more important than the species as a unit for biocontrol applications.  
1.4 Biocontrol of insect pests in forests using Beauveria spp. 
Insect pathogenic fungi are important in regulating bark beetle populations, although the 
natural infection and mortality rates in beetle populations are thought to be relatively low 
(Seidl et al., 2007). Fungi from the genus Beauveria are reported to be the most common 
entomopathogenic fungi isolated from bark beetles (Brownbridge et al., 2010). Among the 
various species  of Beauveria, B. caledonica has been frequently isolated from naturally 
infected pine bark beetle cadavers (Figure 1-2) (Glare et al., 2008). However, B. bassiana is 
also commonly associated with pine bark beetle habitats, and B. malawiensis has been 
isolated from the soil in plantation forests (Reay et al., 2008). Beauveria bassiana is also 
pathogenic to the pinhole borer insects’ (P. apicalis, P. gracilis and T. caviceps ) which are, 
as previously mentioned, pests in native and exotic forests in New Zealand. Because pinhole 
borers and pine bark beetles can cause severe damage to forest trees and are difficult to 
control by conventional methods (because of their cryptic habitat), biological control using an 
entomopathogenic fungal agent such as B. bassiana or B. caledonica presents an attractive 
option for sustainable forestry practices, and for the protection of indigenous forests where 
feasible (Reay et al., 2007). 
 9 
 
 
Figure 1-2 Beauveria caledonica sporulates from the cadaver of a pine bark beetle, 
Hylurgus ligniperda (from Glare et al., 2008). 
 
Beauveria caledonica has been reported as a significant pathogen of bark beetles (for 
example Hylastes ater) occurring naturally in plantation forests in New Zealand (Glare et al., 
2008). The pathogenicity of B. caledonica has also been demonstrated in laboratory bioassays 
to infect Hylurgus  ligniperda and the mealworm, Tenebrio molitor. In the field, B. 
caledonica consistently infects and kills insects. Glare et al. (2008) observed that B. bassiana 
strains isolated from the same pine plantation as the B. caledonica isolates did not readily 
infect insects in the field but demonstrated pathogenicity in the laboratory in a manner 
typically observed for B. bassiana. These particular isolates of B. bassiana clearly have the 
capacity to act as insect pathogens in the field but may be persisting by some other means.  
1.5 Ecology of Beauveria spp. 
1.5.1 Soil ecology 
Various studies have demonstrated the presence of infective spores from the Hyphomycete 
genera Beauveria, Metarhizium, Paecilomyces, and Tolypocladium in soil using insects as 
baits (Jaronski, 2008; Meyling et al., 2009; Tanada and Kaya, 1993). Generally, soil provides 
protection from ultraviolet (UV) radiation, buffers against temperature extremes because of 
its insulating properties and may retain some necessary moisture. For this reason, fungal 
propagules may persist longer in soil compared to an exposed environment, such as on the 
phylloplane. However, the biological role in the soil ecosystem for entomopathogenic fungi 
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has not yet been clarified and soil is a more complex environment than leaf surfaces. There 
are a multitude of abiotic and biotic factors that can potentially affect Beauveria and other 
entomopathogenic fungal biocontrol agents in the soil. Despite the huge variation of soil 
habitats, fungi such as B. bassiana have been isolated from a variety of climates including: 
subantarctic, arctic, temperate and tropical soils (Jaronski, 2008). Beauveria epizootics have 
been frequently observed among insects with soil dwelling stages in their lifecycle. Because 
soil dwelling insects are cryptic in nature, it is probable that natural epizootics occur more 
often than reported. Other non-susceptible species such as collembolans may be involved in 
the transmission and/or dispersal of entomopathogenic fungi through the soil (Goettel et al., 
2010; Tanada and Kaya, 1993). 
 
Soil often contains antimicrobial metabolites secreted by members of the microbial 
community that can hinder entomopathogenic fungi from infecting available insect hosts. For 
example, with increased soil fungistasis levels, Groden and Lockwood (1991) observed a 
significantly lower mortality rate for the Colorado potato beetle, Leptinotarsa decemlineata. 
Beauveria, like other fungal entomopathogens, secrete secondary metabolites during the 
infection process in order to out-compete saprophytic opportunists (Groden and Lockwood, 
1991). However, Beauveria species are generally not considered as strong saprophytes 
because utilisation of other detritus or insect cadavers killed by other causes has not been 
observed (Strasser et al., 2000). Similar to Metarhizium, species of Beauveria that have killed 
an insect through infection in the soil usually produce very limited somatic growth from the 
cadaver. Consequently, for these species, it has been assumed that they are functionally 
obligate insect parasites in the environment, relying on the insect compared to other organic 
matter in the soil for their carbon source (Inglis, 2001). However, free carbon is abundantly 
available in the rhizosphere and there is evidence of interactions between entomopathogenic 
fungi and plant roots for growth and/or survival (Vega et al., 2009).   
1.5.2 The rhizosphere 
The rhizosphere constitutes the sphere of influence surrounding living plant roots. It was first 
described by Lorenz Hiltner in 1904 as the ‘rhizosphere effect’, where he observed that 
bacterial populations increased by 10-1000-fold in the area immediately surrounding the 
roots compared to the greater ‘bulk’ soil outside of the root zone (Lugtenberg and 
Bloemberg, 2004). This increase in microbial population is attributed to the influence of root 
exudates, which can either stimulate or inhibit the microbial population, structure, and 
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function (St. Leger, 2008). The rhizosphere is divided into certain components including the 
rhizoplane (the root surface), the endorhizosphere (internal root system) and the 
ectorhizosphere (the soil layer that adheres to the root surface) (Lugtenberg and Bloemberg, 
2004). The quantity and composition of plant exudates released into the soil is dependent on 
plant species, the stage of growth and the nutrient status. Root exudates from an individual 
root may provide between 0.03 mg and 15 mg per gram (g-1
Rhizosphere colonisation 
) of soil to the submillimeter zone 
(Burgmann et al., 2005). Additionally, the rhizoplane has a layer of mucigel, which is a 
gelatinous coat that encapsulates the root surface, providing space and nutrients to a 
multitude of bacterial and fungal species (Lugtenberg and Bloemberg, 2004; St. Leger, 2008). 
In turn, this biofilm community often assists the plant by solubilising inorganic nutrients, 
rendering the soil-nutrient reservoir bioavailable to the plant host. Occasionally, these 
microbial communities can act as biocontrol agents against plant pathogens (Baker, 1991). 
The ability to colonize and establish in the rhizosphere of living roots is termed rhizosphere 
competence. More specifically, rhizosphere competent organisms utilise the free carbon from 
root exudates and sloughed root cap cells for growth (Bruck, 2010; St. Leger, 2008). 
Many fungal species are rhizosphere competent. Hu and St Leger (2002) accidentally 
discovered that an isolate of the entomopathogenic fungus Metarhizium anisopliae may be 
rhizosphere competent during field trials that were designed to follow the fate of transgenic 
fungal clones that had been inoculated into the field. The rhizosphere effect was found to be 
most pronounced in the soil profile within the top 3 cm. The cause for this effect was likely 
because either the plant roots were more concentrated at this depth and/or the fungal spores 
were inoculated at the surface. The dispersal and distribution of the inoculated fungi spores 
was therefore found to be dependent on the arrangement of roots within the soil profile, 
giving evidence for rhizosphere colonisation (Hu and St Leger, 2002).  
Following this discovery, St. Leger (2008) and Bruck (2005) demonstrated that M. anisopliae 
persisted for longer in the rhizosphere compared to in the bulk soil. Furthermore, Bruck 
(2005) observed that the number of colony forming units (CFUs) for M. anisopliae actually 
increased over time in the rhizosphere, which suggests that M. anisopliae can utilise the 
available carbon in the rhizosphere, rather than just persisting longer as a result of improved 
soil structure in the rhizosphere (Vega et al., 2009). Recently, three species of Metarhizium: 
M. robertsii, M. brunneum and M. guizhouense, were tested for plant-specific rhizosphere 
associations (Wyrebek et al., 2011). The results indicated a non-random association of 
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Metarhizium spp. with certain plants, for example, M. robertsii was the only species isolated 
from grass roots, M. guizhouense associated exclusively with trees (particularly sugar maple, 
Acer saccharum) and M. brunneum was isolated from the rhizosphere of shrubs and trees. 
The three species were only found to co-occur in the rhizosphere of wildflowers. Wyrebek et 
al. (2011) suggested from this experiment that the distribution of Metarhizium species is 
dependent on plant species distribution. 
 The mucigel layer on the rhizoplane provides a hydrophobic surface for these fungi to adhere 
to. The conidia from species of Metarhizium and Beauveria possess a rodlet layer; a 
characteristic spore coat structure formed from proteins called hydrophobins. Hydrophobins 
serve to mediate the fungal attachment to surfaces or they reduce surface tension at the 
liquid/air interface. As a result, species of Beauveria and Metarhizium are strongly 
hydrophobic and will adhere to many hydrophobic surfaces such as to insect or plant cuticle 
(Kirkland and Keyhani, 2011). Pava-Ripoll et al. (2011) evaluated multiple strains of M. 
anisopliae and B. bassiana for their ability to germinate in the presence of bean root exudates 
in the laboratory and found that the germination rate of M. anisopliae was comparable with 
the rhizosphere competent fungus Trichoderma harzianum (Hypocrea, Ascomycota, 
Hypocreales, Hypocreaceae). The germination rates for the strains of Beauveria were 
significantly lower in this study compared to T. harzianum and M. anisopliae, but 
germination still occurred effectively. Genes that were upregulated in response to the root 
exudates included subtilisin Pr1A, which is also involved in insect pathogenicity, and in M. 
anisopliae, the Mad2 adhesion gene was also upregulated, which is the gene that has been 
shown to mediate plant surface adhesion in M. anisopliae (Wang and St Leger, 2007). This 
suggests a definite genetic basis for rhizosphere competence that can be activated by the 
influence of root exudates (Pava-Ripoll et al., 2011; Wang and St Leger, 2007). No study has 
yet reported a homologous gene as Mad2 for plant surface adhesion in Beauveria.  
While previous literature has provided insight into the necessity of understanding the 
interactions between entomopathogenic fungi and plants in the rhizosphere (Bruck, 2010; 
Jaronski, 2008; Roy et al., 2010), there has been little research that provides information 
directly on the subject (Meyling and Eilenberg, 2007; Wyrebek et al., 2011). However, 
strains of Beauveria have often been isolated from the roots of certain plants (Fisher et al., 
2011), therefore, it is probable that the rhizosphere is an important interface between  certain 
strains of Beauveria, insects and the plants that are affected by the insects.  
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The colonisation of plant tissue introduces a new paradigm to the life history of Beauveria 
(Jaronski, 2008).  These fungi may persist in the rhizosphere as dormant conidia (Reay et al., 
2008), or, by hyphal growth in close association with the plant roots and through utilisation 
of the exudates. The extent and nature of the interaction in the rhizosphere should be 
determined for fungi isolates which are considered as potential biocontrol agents in order to 
maximize the efficacy of the fungi when applied as a commercial product (St. Leger, 2008).  
1.5.3 Endophytic colonisation by Beauveria spp. 
Beauveria bassiana was first reported to grow endophytically within the green tissues of Zea 
mays L. (Cyperales: Poaceae) (Bing and Lewis, 1992). Following this observation, these 
same endophytic isolates were shown to effectively control European corn borer, Ostrinia 
nubilalis (Lepidoptera: Crambidae) although they were not pathogenic to Z. mays . Only 
recently has research been directed towards the endophytic capabilities of B. bassiana on a 
wide variety of plants (Bruck, 2010). For example B. bassiana has since been observed to 
grow endophytically in multiple host plant species, including: cotton (McGee, 2002), date 
palm (Gomez-Vidal et al., 2006), banana (Akello et al., 2007), tomato (Powell et al., 2009), 
opium poppy (Quesada-Moraga et al., 2009), pine (Pinus radiata and P. monticola) (Ganley 
and Newcombe, 2006; Reay et al., 2010), and sorghum (Tefera and Vidal, 2009). Campos et 
al. (2010) found that two endophytic Beauveria isolates from Z. mays produced the enzymes 
necessary for insect cuticle degradation in the presence of a tick cuticle sample. These two 
isolates were later identified by phylogenetic analysis and morphological characterisation to 
be Beauveria amorpha (Campos et al., 2010; Glare and Inwood, 1998). Other potentially 
important Beauveria species such as B. caledonica, B. brongniartii, and B. malawiensis and 
B. vermiconia (Rehner et al., 2011 ) have not yet been isolated as plant endophytes (Abdo et 
al., 2008).  
Another study assessed the effect of endophytic Beauveria on insect fecundity and plant 
growth, and found that B. bassiana-infected cotton leaves slowed aphid (Aphis gossypii 
Glover) (Hemiptera: Aphididae) reproduction when consumed, and infected wheat leaves 
slowed the growth of Australian plague locust nymphs (Chortoicetes terminifera Walker) 
(Orthoptera: Acrididae) (Gurulingappa et al., 2010). Generally, the relationship between 
plants and the Beauveria strains that infect those plants has not been elucidated, neither has 
the mechanism for colonisation been described. Perhaps an initial step necessary to clarify the 
association with plants is confirming rhizosphere colonisation by Beauveria.  
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Because  Beauveria has demonstrated the ability to endophytically colonise multiple plant 
species, there may be a specific mechanism for rhizoplane/phylloplane attachment and 
colonisation that pre-empts endophytic colonisation (Vega et al., 2009). The conidia of 
Beauveria, which are usually the infective propagule, have not yet been observed inside plant 
tissues or vasculature (Vega, 2008) but the fungal hyphae of Beauveria have been observed 
within the cortical pith, xylem vessel elements and apoplast (Quesada-Moraga et al., 2009; 
Wagner and Lewis, 2000). Powell et al. (2009) suggested that hyphal fragments from the 
rhizosphere may be consumed through transpiration in quantities sufficient to establish 
mycotic growth in living plant tissues. Suppositionally, if this was the only means for 
endophytic colonisation, then Beauveria may not have a specific mechanism for plant host 
infection.  In order to conclude the plausibility of this process it must first be established 
whether Beauveria fungi can colonise and persist in the rhizosphere of various plant species.  
1.6 Research objectives summary 
The main purpose of this research was to ascertain whether selected isolates of B. bassiana 
and B. caledonica colonise the rhizosphere of pine (P. radiata) and other plant species. Pines 
were used for this research in order to make inferences about the ecology of Beauveria in 
association with plantation forests and pine bark beetle habitats. Various plant species were 
used in order to determine whether there are plant-host preferences among isolates of 
Beauveria. During this study, multiple plants were tested for the presence of Beauveria 
endophytes with the objective of discovering whether isolates inoculated into the soil could 
be recovered as endophytes.  
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     Chapter 2 
Materials and Methods 
2.1 Experimental Protocols 
2.1.1 Origin of isolates of Beauveria bassiana and B. caledonica and culturing 
Isolates of Beauveria bassiana Clade A (according to Rehner and Buckley, 2005) previously 
recovered from pine trees, Pinus radiata (Reay et al., 2010), and Beauveria caledonica 
(Glare et al., 2008), previously recovered from Hylastes ater in New Zealand pine forests 
were used for this study.  The isolates are held in the AgResearch Insect Pathogen Culture 
Collection and were maintained at Lincoln University for the duration of this project.  Most 
isolates have previously been typed by molecular characterization (e.g. Reay et al., 2010), but 
identity was confirmed for each culture during the study using sequences from a segment of 
the elongation factor gene (EF1-α gene) (Reay et al., 2010).   
Production of inoculum 
Cultures were initially grown on semi-selective media (BSM) quarter strength Potato 
Dextrose Agar (PDA), (Difco, NJ), containing antibiotics (streptomycin sulphate 350 mg/L-1, 
Sigma; tetracycline hydrochloride 50 mg/L-1, Sigma; and cycloheximide 125 mg/L-1, Sigma). 
All cultures were maintained on full strength PDA without antibiotics incubated between 
20°C and 22°C.  For mass production of inoculum, 3 ml of spore suspension was added to 20 
g of uncooked rice previously autoclaved with 2 ml H2O in 50 ml tubes.  Inoculated rice was 
incubated at 20oC for approximately two weeks and then conidia harvested using sterile 
0.05% Tween 80 in H2
2.1.2 Soil 
O. Conidial density and viability was assessed by haemocytomer 
counts and plating dilution series on PDA.   
Non-sterile soil was used for the potting mix. Initially, field soil collected from the Lincoln 
University Biological Husbandry Unit (BHU) was used to plant 50 seedlings, but this soil 
was too heavy and deemed inappropriate for studying the rhizosphere. Soil prepared for the 
Rhizotron (Biotron, Bioprotection Research Centre, Lincoln University) was therefore 
collected on the 12/4/2010 for all experiments. Rhizotron soil consisted of a loam/sand mix at 
a ratio of 4:1 (loam retrieved from paddock Iverson 13, Lincoln University). The soil was 
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analysed for basic composition (Appendix A). A second batch of Rhizotron soil was retrieved 
from the same location on the 2/09/2010 for pine rhizosphere colonisation trial 2. 
Seeds were sown in “3-4 month” potting mix from the Lincoln University Nursery prior to 
use. The 3-4 month potting mix consists of a 4:1 ratio of bark to pumice with fertilisers’ 
Osmocote exact 10 - 3.5 – 10, Agricultural Lime and Hydraflo. 
For each rhizosphere colonisation trial, soil was inoculated to achieve conidial densities of 
105 -106 colony forming units (CFU) g-1
2.1.3 Soil isolation 
 soil.  Inoculated soil was thoroughly mixed to ensure 
even distribution of CFUs prior to planting.  Plant roots were washed in tap water prior to 
planting. Uninoculated but mixed soil was used for controls.           
Beauveria isolates were recovered from soil by serial dilution plating. Soil samples were 
prepared by breaking up any cores, removing stones, excess plant matter, and then mixed 
well. A 5 g sample of soil was collected for each treatment and added to a sterile 50 ml tube 
with 45 g sterile 0.05% Tween 80. The soil/Tween solution was then swirled and shaken to 
mix for three minutes (at 500 osc/min). In a laminar flow cabinet, dilution tubes containing  
9.0 ml of sterile 0.05% Tween 80 were prepared and 1 ml of the soil solution from the tube was 
added to the first dilution tube using a fresh sterile pipette tip. Two dilution series were usually 
taken, the original suspension being the 10-1 dilution.  All dilution tubes were agitated to mix 
and 100 µl of each series was plated onto BSM (two plates per dilution), and incubated inverted 
at 22o
2.1.4 Surface sterilisation procedure 
C for 14-21 days. Beauveria colonies were identified by microscopic examination and 
counted.  Beauveria found present in control treatments were recovered and typed using 
molecular characterization through sequencing of a segment of the EF1-α gene (Chapter 6). 
Within a laminar flow cabinet, plant material were cut into 3 cm long segments, or seeds 
remained whole and were surfaced sterilised by immersion for 1 minute in 70% EtOH, 3 
minutes in 0.03% NAHPO, and twice for one minute in sterile distilled water. Following 
sterilisation, plant roots and/or needles were cut into 1.5 cm long segments (using a sterile 
surgical blade) and seeds were cut approximately into quarters then transferred onto 
Beauveria selective media (BSM) and incubated at 20°C in the dark for approximately 14 
days. Additionally, after all root pieces were finished, 100 µl of the sdH20 used to wash the 
roots after sterilising was also spread onto BSM (two plates per wash) as a control for the 
protocol. 
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2.1.5 Conidia suspensions 
Suspensions were prepared from Beauveria fungi isolates cultured on potatoe dextrose agar 
(PDA) for 3 weeks at 20°C in the dark. The suspensions were prepared in a laminar flow 
cabinet. Approximately 15 ml of sterile 0.05% Tween 80 was added to each plate per isolate, 
mixed gently with a hockey stick to dislodge and blend conidia and then poured into a sterile 
bottle to make a 150 ml suspension. The concentration of conidia per ml was calculated from 
100 µl of a 10-3 dilution of the initial (10-1) suspension using a Neaubauer haemocytometer 
counting chamber. The number of conidia within five medium squares on the 
haemocytometer with two repeats was averaged and then multiplied by 2.5 x105. The figure 
obtained from this calculation was then multiplied by 1000 to gain the concentration of 
conidia per ml of the 10-1
2.1.6 Soil moisture content 
 suspension. Alternatively, suspensions were also prepared from 
conidia harvested from rice cultures. The protocol was the same except that 30 ml of 0.05% 
Tween 80 was added to a 50 ml falcon tube containing the cultured rice, shaken vigorously, 
and poured through Miracloth into a sterile flask.  
Soil moisture was estimated for each experiment by collecting approximately 20 g of the soil 
intended for use, weighing the sample in a glass dish (after recording the weight of the dish), 
oven drying the sample for 24 hours at 105°C, and weighing the dry soil. The soil moisture 
content (SMC) was calculated by dividing the difference between the fresh soil weight and 
the dry soil weight, by the dry soil weight [Fresh weight (g) – dry weight (g) ÷ dry weight 
(g)]. 
2.1.7 Soil inoculation method 
Conidia suspensions for the isolates intended for use were prepared the day prior to 
inoculating the soil for experimental set up. The concentration of conidia per ml was adjusted 
to 50 ml of sterile water in tubes to attain ca. 105 conidia in 500 grams of soil, achieving a 
final soil moisture content of approximately 0.20 (20 %), calculated from the soil moisture 
content (SMC) of the experimental soil. Sterile water for the control treatments was also 
prepared in 50 ml tubes incorporating approximately 1 ml of 0.05% Tween 80 to 49 ml of 
water for each control suspension (0.001% Tween 80 was the final concentration). The 
suspensions were then homogenised and stored overnight at 4°C.  
 18 
 
The following morning, the suspensions were removed from the refrigerator and after an hour 
at room temperature, vortexed again and then 50 µl from each treatment was plated onto 
PDA and incubated at 20°C for 14 days, in order to calculate CFUs ml-1
The soil was measured out by filling half of a clean 1 L plastic container and the weight 
adjusted to 500 g fresh weight. The 50 ml suspensions were then added to the 500 g of soil 
prepared on a clean plastic sheet and mixed thoroughly by hand before being transferred to a 
PB ¾ potting bag (Egmont Commercial). For each experimental treatment, a separate plastic 
sheet was used for blending the various inoculum and controls into the soil to avoid cross-
contamination. The seedlings were then removed entirely from their original pots and the 
roots were washed gently in tap water to remove any remaining rhizosphere soil. The washed 
seedlings were then transferred to the assigned treatment potting bags and planted carefully. 
 and assess the 
viability of conidia at the time of inoculation. 
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     Chapter 3 
Assessment of in vitro onion epidermis assay for 
measuring conidial adhesion 
3.1 Introduction 
Within Ascomycota, there are many known pathogens of plants and animals. The 
Ascomycete entomopathogenic fungi Beauveria bassiana and B. caledonica are ubiquitous, 
found in soil and elsewhere, but knowledge of the life history strategy of these fungi in the 
absence of an insect host is limited (Cook, 1993; Jaronski, 2008). As previously mentioned, 
the Ascomycete entomopathogenic fungus, Metarhizium anisopliae, is a commercial insect 
biocontrol agent that was recently discovered to be rhizosphere competent with the ability to 
colonise plant root surfaces in a field trial that followed the outcome of a recombinant 
biopesticide strain (Hu and St Leger, 2002). Following that study, the specific genes for 
adhesion to both insect and plant cuticular surfaces, MAD1 and MAD2 were identified for M. 
anisopliae, revealing that this fungus has evolved mechanisms to adapt to the environment 
making them versatile and enabling them to adhere to and maintain either pathogenic or 
mutualistic interactions with a variety of biological hosts (Wang and St Leger, 2007). 
Beauveria bassiana was also found capable of becoming endophytic in plants, although little 
is known about the mechanism or outcome of this process (Powell et al., 2009; Quesada-
Moraga et al., 2009; Reay et al., 2010; Tefera and Vidal, 2009; Vega, 2008). These studies 
provide insight into the importance of understanding the ecological function of these fungi in 
order to best utilise them as biocontrol agents. 
It is clear that adhesion of conidia to insect or plant cuticle is important to achieve active 
infection or to sustain a mutualistic association. However, little is known about the molecular 
basis for adhesion in Beauveria spp. The aerial conidia of B. bassiana are known to possess 
rodlet layers on the cell wall surface that are formed by an array of  proteins called 
hydrophobins and these hydrophobins may passively mediate initial adhesion to hydrophobic 
surfaces such as the insect and plant cuticle (Holder and Keyhani, 2005).   
The aim of this study was to attempt to replicate the plant surface adherence assay method 
described by Wang and St Leger (2007) using isolates of B. bassiana and B. caledonica, and 
onion (Allium cepa) epidermis tissue. Adherence genes such as MAD1 and MAD2 have not 
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been identified in Beauveria spp., however Beauveria are known to be particularly 
hydrophobic (Holder and Keyhani, 2005) and Beauveria may potentially become endophytic, 
therefore, adherence to plant cuticular surfaces by some unknown mechanism is important to 
verify. In replicating the method outlined by Wang and St Leger (2007) using Beauveria spp., 
the quantity of conidia present on onion epidermis after washing will confirm any differences 
in adhesion ability between the two species represented, in addition to isolate variation. 
3.2 Methods 
3.2.1 Experimental design 
Preliminary experiments were conducted to refine the methodology following the methods 
described by Wang and St Leger (2007).  The experiment was set up in blocks of four isolates 
per replicate. Suspensions of conidia from four random PDA cultures, grown at 20°C, of the 
twelve Beauveria isolates were prepared in 0.05% Tween 80 at a concentration of 107 conidia 
ml-1 for each replicate. This was achieved by adding six ml of 0.05% Tween 80 to an isolate 
culture plate and then mixing thoroughly with a hockey stick. The suspension was filtered 
through Miracloth into a sterile universal. Another 4 ml of the Tween was added to the same 
plate and the above steps repeated to make up a 10 ml conidial suspension. Using these 
original four suspensions (one for each isolate), two 1:100 dilution series were prepared in 
0.05% Tween 80 by pipetting 50 µl of suspension to 4.95 ml to obtain dilutions of 10-2 and 
10-4. These 10-2 dilutions were used to estimate the concentration of conidia per ml using a 
Neubauer haemocytometer. The 10-4 dilution was spread onto PDA at 50 µl for a conidia 
viability check. Using the haemocytometer counts, the volume of suspension required to 
achieve a concentration of 1 x 107 conidia per ml in 2 ml of sterile water was calculated. For 
each isolate, two 2 ml tubes were used so that each replicate had two repeats (with two onion 
epidermis pieces per replicate).  
Epidermis was peeled from pieces of onion (1 by 0.5 cm) and sterilized in 0.3 % bleach for 5 
minutes. The epidermis was washed twice in sterile water, immersed in the spore suspensions 
for 20 seconds, and placed on 0.7% water agar (and covered). The plates were incubated for 
12 hours in order to induce spore swelling and initiate germination (Wang and St Leger 
2007).  
The suspensions were spun for five minutes at 13,000 rpm, 
aspirated and washed once with sterile distilled water. The conidia were re-suspended in 
sterile distilled water using a vortex.  
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The number of conidia in 50 squares for 6 objective fields was measured under a light 
microscope (calibrated at 40 x magnification) before and after washing out the less adherent 
conidia in 0.05% Tween 80 for 30 seconds. Two replicates of twelve isolates were washed 
twice and the percentage of conidia that remained after each wash was recorded. Because 
disruption of the MAD1 and MAD2 genes in M. anisopliae resulted in approximately a 90% 
reduction in conidial adherence to plant and insect surfaces,  a reduction of the quantity of 
conidia on onion epidermis of more than 90% following a vigorous wash with Tween 80 was 
considered as non-adherence for our purpose, as there is no known negative control for 
adhesion in Beauveria spp. and therefore the parameters can only be compared with that 
determined for M. anisopliae (Wang and St Leger, 2007). 
3.2.2 Data analysis 
Percentages of conidia remaining after one and two washes were plotted for all twelve 
isolates. The percentages were then transformed using the arcsine transformation in order to 
perform an ANOVA on two replications of eight Beauveria isolates (F361, F480, F501, 
F528, F532, F557, F651 and F679 from the AgResearch culture collection) using Genstat 
(Version 12.2).  
3.3 Results 
The percentage of conidia that remained after washing once varied greatly for each replicate 
(Table 3-1). The variation between each repetition for each isolate was also great. The second 
wash reduced the percentage of conidia remaining but significant numbers remained (Table 
3-2). The experiment was not replicated more than twice except for B. bassiana isolates’ 
F480 and F361, which were replicated three times (Figure 3-1). The experiment was 
abandoned due to inconsistent results and lack of time to complete all replicates. There was 
no significant difference between the isolates (P = 0.832) in the ANOVA with arcsine 
transformed percentage values or from wash one.  
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Table 3-1 Mean Beauveria conidia concentration per objective field (40 x optical zoom) 
present on onion epidermis before and after washing, standard deviations 
(Sd) included. The percentage of conidia remaining after one wash is also 
included.  
 
Isolate Replicate
Before 
wash Sd
Wash 
one Sd
% Conidia 
remaining
% Conidia 
reduced
F361 1 59 46 38 45 64 36
2 251 153 141 40 56 44
F480 1 124 294 9 15 7 93
2 265 242 123 190 46 54
F501 1 137 185 208 110 152 -52
2 86 48 26 24 30 70
F528 1 236 277 172 108 73 27
2 123 133 29 33 24 76
F532 1 56 33 43 42 76 24
2 180 95 114 62 63 37
F557 1 176 112 134 79 76 24
2 90 69 10 9 12 88
F651 1 87 55 30 31 34 66
2 309 255 172 181 56 44
F679 1 182 166 40 29 22 78
2 128 88 82 61 64 36
F526 1 150 114 97 126 65 35
F548 1 58 206 13 15 22 78
F681 1 32 33 6 9 19 81
F685 1 527 357 195 156 37 63
F686 1 110 219 58 84 52 48
 23 
 
 
Figure 3-1 Percentage of conidia remaining on onion epidermis after 1 wash with 
0.05% Tween 80 for Beauveria bassiana isolates’ F361 and F480, with three 
replications.  
Table 3-2 Percentage of conidia remaining after wash 1 and wash 2 for one full 
replication.  
 
 
Percentage of conidia remaining after 1 wash
 for two Beauveria isolates
replicate
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pe
rc
en
ta
ge
0
10
20
30
40
50
60
70
 F361 
 F480 
percentage conidia remaining
Isolate start wash 1 wash 2
F526 100 64.7 29.4
F548 100 22.1 11.0
F681 100 18.8 18.6
F651 100 33.8 23.1
F532 100 76.5 42.6
F685 100 36.9 20.1
F361 100 63.8 3.8
F480 100 7.3 4.4
F501 100 151.8 80.3
F528 100 72.9 74.9
F557 100 76.1 86.5
F686 100 52.2 37.3
 24 
 
3.4 Discussion 
The results obtained during this study make it difficult to ascertain whether the isolates of B. 
bassiana and B. caledonica used truly adhered to onion epidermis tissue, or whether the 
presence of the conidia after washing with a mild surfactant simply demonstrated the strong 
hydrophobicity of Beauveria species. However, based on the results from this study, two 
isolates (F480, for B. bassiana and F532 for B. caledonica) were selected for following 
experiments despite the large amount of variation that occurred between replications. Two 
additional isolates were selected for the following experiments (F679 and F686, B. bassiana) 
because they were isolated as endophytes of pine trees (Reay et al., 2010). Although only one 
replicate was completed for all isolates, several Beauveria isolates (F480, F532, F361, F679 
and F685) were replicated several times although not all data was recorded and/or analysed 
because the method was under development. It became clear while the method was adapted 
to ensure very little introduced variation from the process, that many replications would be 
necessary in order to achieve meaningful results. Without a definitive negative adhesion 
strain, such as a knock-out mutant to contrast with the other isolates, poor adhesion ability 
could not be judged.  There was one isolate in this experiment with conidia counts that were 
reduced by more than 93% after one wash with Tween 80 (F480) in one or more replications. 
However, in another replication this same isolate was only reduced by 54%. In order to 
determine if F480 was unable to adhere to plants a consistent reduction of more than 90% 
conidia after washing would be necessary in order to compare with the recombinant strain of 
M. anisopliae, which lacked the plant cuticle adherence gene, MAD2 (Wang and St Leger, 
2007). Even within replicates or on a single epidermis sample, the distribution of conidia 
before and after washing varied. Conidia often clumped together or there were areas of 
epidermis covered evenly with conidia but other patches were clear so that the overall 
distribution was inconsistent. This kind of variation was considered too great to continue so 
the experiment was therefore abandoned. 
It is impossible to determine whether the hydrophobic properties of the Beauveria isolates 
interfered with any other potential mechanism of adherence to plant cuticle without knowing 
the genes involved in the process (Holder and Keyhani, 2005). However, as hydrophobicity is 
likely to be an important factor in the mediation of plant tissue and insect cuticle colonisation, 
it is possible that the isolates with the least reduction in the percentage of conidia remaining 
after one wash are also good rhizosphere colonisers. 
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     Chapter 4 
Rhizosphere colonisation by Beauveria spp. isolates 
F480, F532 and F679 on different vegetable species 
4.1 Introduction 
Traditionally, entomopathogenic fungi such as those from the genus Beauveria have been 
considered only as pathogens of insects, acting as significant mortality factors in natural 
insect populations. Recently, however, these fungi have demonstrated other important and 
diverse roles (Vega et al., 2009). Beauveria bassiana is one of the most common terrestrial 
entomopathogenic fungi occurring on multiple hosts and can be found in most regions of the 
world. Beauveria caledonica has been reported as a significant pathogen of pine bark beetles 
(for example Hylastes ater) and occurs naturally in plantation forests in New Zealand (Glare 
et al., 2008). Different strains of the fungus exhibit considerable variation in pathogenicity 
and host range, and certain strains have already been selected for the biocontrol of insect 
pests based on pathogenicity in laboratory bioassays. For this reason, there has been little 
focus on ecological suitability or function of Beauveria in the intended environment of 
application (Waage, 1997). These fungi may make use of additional nutritional modes other 
than insects, for example, Beauveria bassiana appears to be able to exist as endophytes in 
various plant species (Akello et al., 2007; Bing and Lewis, 1992; Gomez-Vidal et al., 2006; 
McGee, 2002; Ownley et al., 2010; Ownley et al., 2008; Powell et al., 2009; Quesada-
Moraga et al., 2009; Reay et al., 2010; Tefera and Vidal, 2009; Vega, 2008). However, the 
mechanism for plant tissue colonisation has not yet been described. It is possible that certain 
Beauveria species may occupy the rhizosphere of plants, utilising the free carbon available 
from exudates secreted by plant roots (St. Leger, 2008). However, rhizosphere colonisation 
may be dependent not only on particular fungal strains but also on the plant type. This has 
been demonstrated for Metarhizium spp., where the geographic distribution of the species 
was dependent on the distribution of certain plant species (Wyrebek et al., 2011). 
The purpose of these experiments was to determine whether the selected strains of Beauveria 
were able to colonise the rhizosphere of specific plant types, and whether there is any 
particular interaction between certain fungal isolates and plants types. Vegetable plants were 
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used in this study because of the relatively short growth time between seed sowing and 
harvest. 
4.2 Methods 
4.2.1 Source of seed and plant establishment 
The Brassica and spinach seeds were obtained from Kings Seeds from the organic seed list 
and the the onion seed from South Pacific Seeds (Methven). The celery were bought as 
seedlings (Celery Tendercrisp 2000 from Zealandia), aged three weeks, from Bunnings 
Warehouse prior to the third trial. The celery seedlings were washed to remove the 
commercial potting mix. All seed used was non-treated (bare) seed. The seeds were sown in 
“3-4 month” potting mix from the Lincoln University Nursery (Chapter 2). All seeds for the 
three experiments were sown 1/6/2010. The broccoli and cauliflower seedlings were allowed 
14 days growth before the first trial was initiated (15/6/2010). Cabbage, spinach and onion 
required more growth time to achieve approximately similar root mass with the second trial 
initiated 30/6/2010 and the third trial by 13/7/2010. Rhizotron soil collected on the 12/4/2010 
was used for the experiment (Chapter 2) and the soil moisture content (SMC) prior to 
inoculation measured 0.10 (10% moisture). The first trial was completed after ten weeks, the 
second after eleven weeks and the third by twelve weeks. It was intended that the three trials 
would run for the same length of time. However, the second and third trial’s sampling dates 
were set back as a result of the interruption from the 4/9/2010 Canterbury earthquake. 
4.2.2 Experimental design 
This experiment was separated into three sub-trials. Vegetable trial 1 (VT1) was conducted 
using broccoli (Brassica oleracea italica) and cauliflower (B. oleracea botrytis). Trial 2 
(VT2); spinach (Spinacia oleracea) and cabbage (B. oleracea capitata) and trial 3 (VT3) 
used onion (Allium cepa) and celery (Apium graveolens).  The trials were set up as a 
complete randomised block design with nine treatments and five replicates arranged in five 
blocks for a total of 45 pots per trial. Although each trial was staggered, the three trials shared 
the same five blocks. Consequently, the blocking controlled for variation arising from the 
position in the glasshouse, but not for plant type variation. Each block contained 27 pots, with 
9 pots for each treatment for each trial arranged in random order, for a total of 135 pots for 
the three trials. The treatment numbers for VT1-VT3 are described in table 4-1. 
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Table 4-1 Treatment codes for vegetable trials’ 1-3 
 
The purpose of the control treatments was to check for background Beauveria in the soil, 
rhizosphere and as an endophyte in addition to using the control treatment dry weights as a 
comparison against the inoculated plant dry weights. 
Soil inoculation method for vegetable trials’ 1-3 
Conidia suspensions for F480, F532 and F679 were prepared the day prior to inoculating the 
soil for the experimental set up (Chapter 2). The concentration of conidia per ml was adjusted 
to 50 ml of sterile water in tubes (after haemocytometer counts)  to attain ca. 105
The following morning, the suspensions were removed from the refrigerator and after an hour 
at room temperature, a sample from each treatment suspension was diluted to 10
 conidia in 
500 grams of Rhizotron soil, achieving a final soil moisture content of approximately 0.20 
(20 %). Sterile water for the control treatments was also prepared in 50 ml tubes 
incorporating approximately 1 ml of 0.05% Tween 80 to 49 ml of water for each control 
suspension (0.001% Tween 80 was the final concentration). The suspensions were then 
homogenised and stored overnight at 4°C.  
-5 conidia ml-
1 in 0.05% Tween 80. From this dilution, 50 µl was plated onto PDA and incubated at 20°C 
for fourteen days in order to calculate CFUs ml-1
The soil was measured out by filling half of a clean 1 L plastic container and the weight 
adjusted to 500 g fresh weight. The 50 ml suspensions were then added to the 500 g of soil 
prepared on a clean plastic sheet and mixed thoroughly by hand before being transferred to a 
PB ¾ potting bag (Egmont Commercial). Each treatment had five, 50 ml inoculum tubes, 
with 15 tubes per isolate. For each treatment, a separate plastic sheet was used for blending 
 and assess the viability of conidia at the 
time of inoculation. The average percentage of CFUs compared to the conidia counted using 
a Haemocytometer after 24 hours in suspension at 4°C for F480 was 44 % (± SD 9.5), for 
F532 it was 78 % (± SD 44.1)  and for F679 it was 49 % (± SD 41.6) respectively. 
experiment plant type plant controls soil controls
Broccoli 01 - F480 02 - F532 03 - F679 07 - broc 
Cauliflower 04 - F480 05 - F532 06 - F679 08 - cauli 
Cabbage 10 - F480 11 - F532 12 - F679 13 - cabb 
Spinach 14 - F480 15 - F532 16 - F679 17 - spina 
Celery 19 - F480 20 - F532 21 - F679 25 - celer 
Onion 22 - F480 23 - F532 24- F679 26 - onio
VT1
VT2
VT3
18 - soil 
27 - soil 
Treatment Numbers
09 - soil 
isolates
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the various inoculum and controls into the soil to avoid cross-contamination. The seedlings 
were then removed entirely from their original pots and the roots were washed gently in tap 
water to remove any remaining rhizosphere soil. The washed seedlings were then transferred 
to the assigned treatment potting bags and planted carefully. The pots were arranged in 
blocks according to a random number assigned to each treatment. A 20 g soil sample from 
each treatment was taken using the soil fungi isolation protocol (Chapter 2) to recover soil 
isolates and to estimate the approximate initial soil inoculum levels.
Sampling  
  
After the specified length of time following soil inoculation for each trial, all pots and plants 
were harvested destructively. The above ground part of the seedlings were cut at the base of 
the stem, at the soil surface, and placed in paper bags. The bags were oven dried at 65°C for 
48 hours and the dry weights of the cuttings were recorded. From each potting bag, a sample 
of approximately 10 g of soil was collected from beneath the soil surface and stored at 4°C 
overnight. These samples were used for calculating soil moisture content at the time of 
harvest (Chapter 2). The roots of the seedlings with intact rhizosphere soil were extracted 
carefully and any loose soil shaken off. From the soil that remained adhering to the roots, a 5 
g sample consisting predominantly of soil (some root material was present) was collected in a 
50 ml tube, which was then filled to 50 ml with 0.05% Tween 80 (to make a 10-1
The following morning, all the soil rhizosphere and bulk samples were shaken on a Stuart 
flask shaker (SF1) for 10 minutes at 500 osc/min. The samples were diluted in series in 
0.05% Tween 80 to 10
 dilution). 
These rhizosphere soil samples were stored overnight at 4°C. The roots were transferred to a 
labelled bag and kept refrigerated for endophyte isolation (refer to Chap. 6 for endophyte 
characterisation). For treatments with F679, an additional 5 g bulk soil sample was collected 
from the edge of the bag where there were no obvious roots. However, this was not possible 
for VT2 because the potting bags were completely root-bound. The bulk tubes were also 
filled with 0.05% Tween 80 as above and stored at 4°C.  
-3, and 100 µl each of the 10-2 and 10-3 dilutions were placed on 
Beauveria semi-selective media plates (BSM, Chapter 2) (Brownbridge et al., 2010); two 
plates per dilution. The dilution plates were incubated in the dark at 20°C for 14 days. The 
number of CFUs per g of dry soil was calculated from the number of Beauveria colonies 
observed by visual assessment, which was averaged over the 10-3
 
 plates using the SMC data. 
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4.2.3 Data analysis 
Statistical analysis 
All statistical analysis was performed in Genstat (Version 12.2). In order to contrast the 
treatment (isolate) means in every ANOVA, a Fisher’s Unprotected Least Significance 
Difference (LSD) multiple comparisons test (also known as an unrestricted LSD test) 
(Saville, 1990) at the 5 % level was included. The CFU g-1 dry soil data (y variate) was 
logarithmically transformed (log10
Isolate CFU quantity in the rhizosphere over multiple plant types 
) for all analyses, unless otherwise stated. 
Two different analyses were conducted to assess if there were differences between the 
isolates F480, F532 and F679 (control treatments were excluded from the analysis because 
there were no Beauveria CFUs counted), for the number of CFU in the rhizosphere per gram 
of soil. The first analysis consisted of five one-way ANOVAs, one for each plant type 
(referred to below as the separate “plant-type” ANOVAs). The second analysis combined the 
mean value for each isolate from each of the plant-type ANOVAs in another general 
ANOVA that included all the plant species as an additional factor in the model; this analysis 
is referred to as the “grouped analysis” and the purpose was to compare isolate performance 
over the three trials. The effect of the plant type on the rhizosphere log10
Isolate F679: the ratio of rhizosphere to bulk soil CFU  
 CFU from this 
ANOVA was treated as an additional effect in the treatment structure of the model, because 
the effect found from the plant type was confounded by the different experiment time-
lengths. This allowed the effect of the isolates on the CFU quantities to be separated from the 
effect of the plant type. 
During the harvest of VT1 and VT3, bulk CFU data were also gathered for isolate F679. This 
provided an opportunity to assess rhizosphere colonisation by comparing the ratio of 
rhizosphere to bulk soil CFU quantities against the null hypothesis: That there would be no 
difference between the quantities of Beauveria CFUs in the rhizosphere soil compared to the 
bulk soil, resulting in a ratio of 1 (when transformed back form log10). Two separate one-way 
ANOVAs (one for each trial) were conducted to compare the log-ratio of rhizosphere soil 
CFUs g-1 to bulk soil CFUs g-1 with the plant species as the factor. The means from these two 
ANOVAs were back-transformed from log 10, combined for plant type and presented 
graphically.  In order to compare the mean ratio for each plant type trial (from isolate F679) 
to a ratio of 1, best estimates of the means with 95 % confidence intervals (CI) were 
calculated for these different ratios.  
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Persistence in the rhizosphere of multiple plant species 
In order to assess the persistence of the isolates in the rhizosphere from the beginning 
inoculum levels at the experimental set-up time to the harvest inoculum levels, the log10-ratio 
of rhizosphere to initial CFU per g soil was calculated for each isolate from all plant types. So 
that the isolates could be compared for persistence, the log10 ratio of rhizosphere to initial 
CFU g-1 dry soil (rhiz:initial) was then analysed across treatments F480, F532 and F679 
using a separate ANOVA for each plant type (5 one-way ANOVAs). In order to visualise the 
trend from the start of the experiment to the harvest time, the ratio means were back-
transformed and plotted along with a starting ratio of 1 (initial:initial CFU g-1 dry soil equates 
to 1 assuming no prior colonisation of the seedling by Beauveria). Additionally, the back-
transformed ratio means from each plant type were combined in another general ANOVA 
and the overall means for each isolate from all plant types (pooled together) were plotted with 
a 5% LSD value bar. Best estimates with 95 % CI were also calculated for these overall 
isolate means in order to contrast the individual isolate ratios of rhizosphere to initial CFU g-1
F679 persistence in the rhizosphere compared to bulk soil 
 
dry soil against a ratio of 1. 
So that the persistence of Beauveria in the rhizosphere could be compared to persistence in 
the bulk soil, two ratios were calculated for isolate F679: the log10 ratio of rhizosphere to 
initial soil CFU and the log10 ratio of bulk to initial soil CFU. These two ratios were plotted 
for each plant type (from VT1 and VT3) against the starting ratio of 1 (to indicate the 
proportion of CFUs remaining from the original soil inoculum levels at the harvest time). A 
paired t-test was also conducted to assess whether the two ratios significantly differed from 
each other across all the plant types.  
Foliage dry mass for different plant species  
For each plant type, the isolates were contrasted with a negative control (a plant without 
inoculum) for foliage dry mass in a general ANOVA (resulting in five ANOVA tests). The 
treatment (isolates and control) means calculated from these ANOVAs were then collectively 
analysed across all the plant species in another general ANOVA analysis. 
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4.3 Results 
4.3.1 Statistical analysis 
Isolate comparison of CFU quantity in the rhizosphere  
When the isolate CFU quantities in the rhizosphere were contrasted within each plant type, 
there were consistent differences between the isolates. Generally, F532 had a higher quantity 
of CFUs in the rhizosphere compared to the two B. bassiana isolates, F480 and F679. Isolate 
F480 was consistently lower in quantity although these differences were not statistically 
different except in the celery analysis (Table 4-2). This same pattern was reflected again 
(F480<F679<F532) when the isolate means from the separate plant types were combined for 
the grouped analysis and there was a significant difference between the isolates overall in this 
instance. More specifically, the Fisher’s LSD test identified a significant difference between 
the two isolate means F480 (µ = 4.475) and F532 (µ = 4.722, 5% LSD = 0.177) (Figure 4-1). 
Table 4-2 Mean data for rhizosphere CFU (g-1
 
 dry soil)  determined for the different 
plant species (LSD = Fisher’s Unprotected LSD at P<0.05). 
 
There was also a significant effect of plant type on the log10 rhizosphere CFU g-1
Plant type Treatment
 Rhiz CFU 
mean
log10 Rhiz 
CFU 
mean LSD 5%
P value           
(2 df)
broccoli F480 27479 4.44 0.46 0.611
broccoli F532 43152 4.64 0.46 0.611
broccoli F679 39084 4.59 0.46 0.611
cauliflower F480 33806 4.53 0.32 0.175
cauliflower F532 40179 4.60 0.32 0.175
cauliflower F679 64565 4.81 0.32 0.175
cabbage F480 102802 5.01 0.42 0.138
cabbage F532 216272 5.34 0.42 0.138
cabbage F679 91622 4.96 0.42 0.138
celery F480 15205 4.18 0.33   0.073 a
celery F532 36813 4.57 0.33   0.073 b
celery F679 25061 4.40 0.33     0.073 ab
onion F480 16331 4.21 0.46 0.288
onion F532 29512 4.47 0.46 0.288
onion F679 14962 4.18 0.46 0.288
† a and b indicate significant differences between isolates (Fisher's Unprotected LSD 5%)
 soil  
(F < 0.001, 4 df). However, this effect was confounded by the difference in harvest sampling 
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times for the three trials, since different plant types represented different experiment time-
lengths.  
 
Figure 4-1 Mean data for log10 rhizosphere CFU g-1
 
 dry soil determined for F480, F532 
and F679 isolates accross 5 plant species.  
F679: the ratio of rhizosphere to bulk soil CFU  
The ratios of rhizosphere to bulk CFU quantities did not differ significantly for different plant 
types within trials, although small differences were observed (Figure 4-2). For example, 
within VT3 there was a greater ratio of CFUs in the rhizosphere compared to bulk soil of 
onion seedlings in contrast with the celery seedling ratio (F =0.367, 1 df). Within VT1, the 
same ratio was greater for broccoli than for cauliflower plants (F = 0.684, 1 df). The best 
estimates calculated for isolate F679 of the log10
The back-transformed (from log
 ratio of rhizosphere to bulk CFU quantities 
were all significantly different to a ratio of 1, except for in cauliflower. This suggests that in 
all the plant types harvested except cauliflower, the number of colony forming units in the 
rhizosphere was consistently greater than in bulk soil.   
10) best estimate of the mean ratio of rhizosphere to bulk 
CFU g-1 dry soil for the broccoli plant type mean was significantly different to a ratio of 1; 
there was 2.3 (95% CI 0.726 – 7.228) times the amount of CFU per g dry soil in the 
rhizosphere compared to the bulk soil. For the cauliflower best estimate however, there was 
no significant difference to 1 with 1.7 (95% CI 0.551 – 5.483) times the amount of CFU per g 
dry soil in the rhizosphere compared to the bulk soil. There was a significant difference to 1 
for the celery best estimate with 2.0 (95% CI 1.054 – 3.953) times the amount of CFU per g 
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dry soil in the rhizosphere compared to the bulk soil. Finally, for the onion plant type, there 
was also a significant difference to a ratio of 1 for F679 with 3.3 (95% CI 1.71 – 6.41) times 
the amount of CFU per g dry soil in the rhizosphere compared to the bulk soil. The best 
estimate for cabbage was not calculated because there was no non-root bound soil in the 
cabbage pots. 
 
Figure 4-2 Ratio means of rhizosphere:bulk soil CFU g-1 
 
for F679 with different plant 
species from two vegetable trial analyses (VT1 and VT3). 
Persistence in the rhizosphere of multiple plant species 
Isolate F679 declined significantly compared to F480 and F532 in the rhizosphere of celery, 
with F532 declining the least of these three. The decline of F679 in the rhizosphere of onion 
was also significantly different compared to F480 but not F532 (Table 4-3). In contrast, the 
results for the cabbage analysis showed F480 to be the only isolate to increase in the 
rhizosphere and the quantity of F679 CFU g-1
When all the isolate means were back-transformed (from log
 dry soil appeared to remain constant (Figure 4-
3).  
10) and combined from each 
plant type, there was a significant effect of the plant type on the decline of CFUs in the 
rhizosphere from the beginning of the trials (F = 0.05, 4 df). However, this effect was 
confounded with experiment time-lengths. In the Fisher’s Unprotected LSD test, a significant 
difference was detected between the isolates’ F480 and F532 (LSD 5% = 0.36) (Figure 4-3). 
The best estimates of the means calculated from the back-transformed ratio of rhizosphere to 
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initial CFU quantity demonstrated that all three isolates declined significantly from a ratio of 
1; the hypothetical initial ratio of rhizosphere to bulk CFU g-1 dry soil at the beginning of the 
experiment. 
The best estimate of the mean for isolate F480 was that there was 0.61 (95% CI 0.471 – 
0.749) times the amount of CFU g-1 dry soil in the rhizosphere compared to the initial soil 
and the mean is significantly different to a ratio of 1. The best estimate of the F532 mean was 
also significantly different to 1 with 0.24 (95% CI 0.101 – 0.3794) times the amount of the 
CFU g-1 soil in the rhizosphere compared to the initial inoculum levels. Finally, for F679, 
there was 0.44 (95% CI 0.339 – 0.5794) times the amount of the CFU g-1
Table 4-3 Rhizosphere to initial CFU g
 soil in the 
rhizosphere compared to in the initial soil, which was also significantly different to a ratio of 
1. 
-1
 
 dry soil ratios for three isolate means within 
each plant type (VT1-VT3). 
plant-type treatment
rhiz:initial 
CFU ratio 
mean
log10 
rhiz:initial 
CFU ratio 
mean
LSD 5% P  value
broccoli F480 0.63 -0.20 0.46 0.44
broccoli F532 0.34 -0.47 0.46 0.44
broccoli F679 0.45 -0.35 0.46 0.44
cauliflower F480 0.77 -0.11 0.32   0.04 a
cauliflower F532 0.31 -0.51 0.32   0.04 b
cauliflower F679 0.74 -0.13 0.32    0.04 ab
cabbage F480 1.14 0.06 2.03 0.62
cabbage F532 0.18 -0.74 2.03 0.62
cabbage F679 0.99 0.00 2.03 0.62
celery F480 0.24 -0.62 1.68   0.03 a
celery F532 0.36 -0.45 1.68   0.03 a
celery F679 0.00 -2.60 1.68   0.03 b
onion F480 0.26 -0.59 2.84   0.09 a
onion F532 0.04 -1.43 2.84    0.09 ab
onion F679 0.00 -3.64 2.84   0.09 b
† a and b indicate significant differences between isolates from the Fisher's Unprotected LSD.
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Figure 4-3 Persistence of conidia in the rhizosphere of different plant types (a. Broccoli, 
b. cauliflower, c. onion, d. celery, e. cabbage) for three Beauveria isolates.  
Expressed in ratio means of rhizosphere:initial soil CFU g-1 . 
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Figure 4-4 Isolate means over all plant types for the comparison of ratio of 
rhizosphere:initial CFU g-1 dry soil (back-transformed log10
 
). 
F679 persistence in the rhizosphere compared to bulk soil 
Isolate F679 generally persisted longer in the rhizosphere than in the bulk soil. However, the 
differences were more pronounced in the broccoli and cauliflower plant types compared to 
celery and onion (Figure 4-5). At 12 weeks, the harvest time for VT3, the decline in the 
rhizosphere of the ratio of CFUs was similar to the decline trend in the bulk soil even though 
the quantity of CFUs in the rhizosphere was still greater than in the bulk soil. When the log10 
transformed ratio of rhizosphere to initial soil CFUs was compared against bulk to initial soil 
CFUs in a paired t-test across all plant types, a significant difference was found between the 
two ratio means (P <0.001).  
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Figure 4-5 Persistence of F679 in the rhizosphere and in the bulk soil for VT1 (a. 
broccoli, b. cauliflower) and VT3 (c. celery and d. onion) from the 
experiment sep-up to harvest (10 weeks for VT1 and 12 weeks for VT3). 
 
Foliage dry mass for different plant species associated with three Beauveria isolates and a 
negative control 
The comparison of the foliage dry mass grand means across all plant species yielded no 
significant differences between the inoculated seedlings and the control seedlings (Figure 4-
6). However, in cabbage there was a significant difference between the control plant dry mass 
and the dry mass from the plants associated with the three Beauveria isolates (Table 4-4). 
Specifically, the control mean for cabbage foliage dry weight was greater than the three 
isolate means suggesting shoot growth may be negatively affected by the presence of 
Beauveria in the rhizosphere for this plant type. There was also a significant difference 
between isolate F480 and F679 in the onion plant-type analysis but in this instance, the F480 
dry biomass mean was greater than the control mean, and significantly greater than F679. 
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Table 4-4 Foliage dry biomass means (g) comparing treatments within plant species. 
 
 
Figure 4-6 Comparison of foliage dry weight means for each treatment; combined from 
all the plant types (VT1-3). 
plant type treatment
dry weight g 
mean
LSD 5% P  value
broccoli F480 1.73 0.52 0.99
broccoli F532 1.69 0.52 0.99
broccoli F679 1.67 0.52 0.99
broccoli control 1.69 0.52 0.99
cauliflower F480 1.85 0.46 0.35
cauliflower F532 1.67 0.46 0.35
cauliflower F679 1.97 0.46 0.35
cauliflower control 2.05 0.46 0.35
cabbage F480 2.62 0.71   0.01 a
cabbage F532 2.37 0.71   0.01 a
cabbage F679 2.15 0.71   0.01 a
cabbage control 3.48 0.71   0.01 b
celery F480 1.80 0.53 0.20
celery F532 1.88 0.53 0.20
celery F679 1.36 0.53 0.20
celery control 1.72 0.53 0.20
onion F480 0.65 0.23   0.07 b
onion F532 0.43 0.23    0.07 ab
onion F679 0.34 0.23   0.07 a
onion control 0.52 0.23    0.07 ab
† a and b indicate significant differences between isolates from Fisher's Unprotected LSD.
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Isolate recovery from soil and isolation of endophytic Beauveria 
All three isolates were successfully recovered from the inoculated soil; this was confirmed by 
comparing sequences of the EF1-α gene from recovered isolates to the isolates used for 
inoculation. Endophytic Beauveria was also isolated from broccoli, cauliflower and cabbage 
(VT1-VT2). No Beauveria was successfully cultured from the celery or onion seedlings. A 
full account on the genetic characterisation of the endophytes isolated from these trials can be 
found in chapter 6.  
4.4 Discussion 
The results from these experiments indicate that the B. bassiana isolate F679 was able to 
colonise the rhizosphere of multiple plant species. The quantity of CFUs in the rhizosphere 
consistently exceeded the quantity in the bulk soil for all plant species investigated, except 
cauliflower. For the isolates’ F480 (B. bassiana) and F532 (B. caledonica), rhizosphere CFU 
counts were not compared with bulk CFU counts. However, all the isolates were comparable 
with each other in the rhizosphere alone, although there were some differences among the 
three trials. For example, there was a consistent difference between the performances of the 
isolates in the rhizosphere when all the plant types were considered individually, although 
this difference was only statistically significant for the celery analysis. For all plants, the 
mean quantity of CFUs in the rhizosphere for isolate F532 was always greater than F480 and 
the means for F679 fluctuated in between the other two isolates (except for cauliflower). The 
group analysis of all plant types reiterated this pattern (F480<F679<F532) and the difference 
between the isolates was statistically significant over all plant types. The difference was 
therefore more pronounced with a greater number of replicates and this suggests that there 
may not have been enough replication of the treatments within each plant type to overcome 
the variation encountered within each treatment. The effect that plant species had on the 
mean rhizosphere CFU g-1 of dry soil, although statistically significant, was confounded by 
the different experimental lengths in vegetable trials 1, 2 and 3, and therefore may be  not 
meaningful. The conidia viability checks demonstrated variability among the different 
isolates and consequently the initial inoculum levels were also variable. Any difference in the 
quantities of CFU obtained from the rhizosphere could consequently result from this initial 
soil inoculum variability. The combined analysis provided a way to analyse the average 
isolate initial CFU counts over three separate trials (VT1-VT3), so that the significance of the 
difference between the isolates in the grouped analysis is still meaningful.  
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In order to eliminate the effect of the initial inoculum variation, the log10 ratio of rhizosphere 
to initial CFU g-1
The differences between isolates varied, however, when the log
 soil in each plant type was analysed and subsequently the isolate means 
were individually contrasted to a theoretical initial ratio (a ratio of 1 when the means were 
back-transformed). This ratio compared the decline of the number of CFUs rather than the 
quantity. Interestingly, while F532 had the highest CFU quantity across the trials (all plant 
types collectively), it also had the greatest CFU decline compared to the initial inoculum 
levels in the grouped ANOVA. Conversely, F480 appeared to decline the least of the three 
isolates in the rhizosphere.  
10
Although the conidia suspensions were thoroughly mixed through the soil, there may have 
been some clumping of conidia as a result of the low concentration of Tween 80 used. 
Additionally, only one 20 g soil sample was collected for each treatment at the start of the 
experiment and so it was assumed that the initial inoculum quantity calculated was an 
appropriate estimate of the actual quantity even though no average was taken for each soil 
treatment. Tween 80 has also been documented to be less effective at homogenising conidia 
through solution compared to Triton X-100 (Jaronski, 2010), but the difference between the 
performance of these two surfactants was not assessed with the soil used for this experiment, 
and any variation in conidia homogenisation from such a dilute concentration may be 
negligible in soil anyway. Soil is a complex environment and there may be several factors 
that influence CFU distribution in the soil habitat. For example, the ionic charge of the soil 
type, the presence of other microorganisms (in non-sterile soil), rhizoplane mucigel and the 
secretion of roots exudates in the rhizosphere could all affect CFU distribution after 
inoculation, despite the presence of Tween 80 (Jaronski, 2008; Lugtenberg and Bloemberg, 
2004). All three isolates declined significantly over time in the rhizosphere from the initial 
inoculum quantity. Again, the decline was most drastic for F532 and the least for F480. It is 
not unexpected to observe a decline in the quantity of CFUs in the rhizosphere (in addition to  
 ratio was assessed within 
the individual plant types. This variation may suggest a possible interaction occurring 
between the isolate and plant species. For example, in the celery analysis, F679 declined 
significantly compared to F480 and F532 and in the onion analysis, the decline of F679 in the 
rhizosphere was significantly greater compared to F480. In contrast, the cabbage analysis 
showed F480 to be the only isolate to increase in the rhizosphere and the quantity of F679 
CFU g-1 dry soil appeared to remain constant. However, the variation in the amount of initial 
inoculum at the experiment setup may have had an effect on this result.  
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the bulk soil) following inoculation with B. bassiana, since a drop-off in numbers after initial 
inoculation has been consistently reported for Beauveria in non-sterile soil (Celine Blond, 
thesis pending). However, the difference between rhizosphere and bulk soil persistence has 
not yet been explored for Beauveria, although it has been explored for M. anisopliae, which 
has been observed to persist longer in the rhizosphere compared to the bulk (Bruck, 2009; St. 
Leger, 2008).  
Persistence in the rhizosphere compared to the bulk soil could only be assessed for isolate 
F679, the broccoli and cauliflower plant types (VT1), but it can be concluded that isolate 
F679 persisted significantly longer in the rhizosphere than in the bulk soil. The apparent 
inconsistency between VT1 and VT3 (onion and celery) may be a result of the differences in 
the experiment time-lengths rather than the differences in plant species. For example, the 
decline in the rhizosphere of the ratio of CFUs is similar to the decline trend in the bulk soil 
at twelve weeks even though the quantity of CFUs in the rhizosphere still exceeds the 
quantity in the bulk soil. In contrast, at ten weeks, the difference in the persistence of 
Beauveria between the rhizosphere (rhizosphere CFU/initial CFU) and bulk (bulk CFU/initial 
CFU) soil appears much greater. The similarity of the decline of the two ratios may also be 
correlated with the general decline in the amount of available bulk soil, in addition to the 
increase in rhizosphere soil as the plant roots extend throughout the entire potting bag. 
The best estimates of the means calculated for isolate F679  CFU quantities (log10 ratio of 
rhizosphere to bulk mean) were all significantly different to a ratio of 1, except for in the 
cauliflower plant type (the null hypothesis that there would be no difference between 
rhizosphere and bulk soil CFU quantities proved true in the cauliflower analysis). Although 
the quantity of Beauveria almost always declined over time in the rhizosphere, it can be 
concluded at least for isolate F679, rhizosphere colonisation occurs and potentially provides a 
habitat in which the Beauveria propagules may persist longer. The ratio of the quantity of 
bulk to the initial CFUs also declined but because there was no polynomial assessment as a 
result of having only one harvest time, the decline trend in the rhizosphere compared to the 
bulk cannot be properly compared. There was also variation within plant treatments at harvest 
for the quantity of available bulk soil as some plants were almost root-bound and some 
completely root-bound. However, this ratio may reflect the importance of the rhizoplane in 
the rhizosphere, as the rhizosphere soil samples included a small quantity of roots. Since 
many of the pots were almost root bound when the rhizosphere and bulk samples were 
collected, it was often difficult to distinguish bulk soil from rhizosphere soil. However, the 
 42 
 
bulk soil samples did not contain any visible roots and so it is possible that the higher 
quantity of CFU per gram of soil in the rhizosphere may be attributed to the amplification of 
the counts due to adhesion of Beauveria CFUs to the rhizoplane. The rhizoplane is clearly an 
important feature of the rhizosphere and the measure of CFUs in the rhizospheric soil alone 
would not give an accurate estimate of the number of CFUs in the total rhizosphere if the 
conidia adhere to roots (Bruck, 2010; Lugtenberg and Bloemberg, 2004; St. Leger, 2008).  
The comparison of shoot foliage biomass demonstrated variation between the fungal isolate 
and plant species combinations. This variation in the plant-fungi interactions that occurred is 
consistent with observations made from another study (Gurulingappa et al., 2010).  The 
Beauveria isolates in this study had a statistically significant negative effect on the shoot 
biomass of cabbage but for broccoli, cauliflower and celery, the presence of Beauveria in the 
rhizosphere did not affect shoot biomass at all.  For the onion analysis, F679 appeared to 
decrease shoot biomass compared to the control, and F480 appeared to improve shoot 
biomass. However, when all the different plant species were grouped together, there were no 
significant differences between the isolates, although F532 appeared to hinder shoot biomass 
the most and F480 performed comparably with the control treatment. Because root biomass 
was not measured in these experiments, it is not possible to determine the overall effects to 
plant biomass that the presence of Beauveria in the rhizosphere may have.  
This study was useful as a preliminary experiment to the pine (Pinus radiata) rhizosphere 
colonisation trials.  For example, some of the methods for soil inoculation, rhizosphere and 
bulk sampling that were developed during the harvests were repeated again in the next 
experiment. The experimental design, however, limited the data collected for the statistical 
analysis. If this experiment were to be repeated, individual plant types could be blocked 
together or treated as entirely separate experiments. As separate experiments, the plants could 
grow for the optimum length of time for each plant species in order to sample both 
rhizosphere and bulk soil accordingly. Blocking the plants by species in a single experiment 
would have allowed the effect of plant species on the rhizosphere colonisation of different 
isolates to be properly assessed. Although that would only be possible if the harvests were 
completed at the same time. In the design used for this experiment, it was not possible to set 
up and harvest more than five replicates per treatment due to the workload constraints. 
However, this experiment still provided biologically meaningful results from the minimum 
number of replicates sampled.  
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     Chapter 5 
Rhizosphere colonisation by Beauveria spp. on pine 
(Pinus radiata)  
5.1 Introduction 
In New Zealand, exotic Pinus radiata trees are an important forestry species (Reay and 
Walsh, 2002). However, conventional forestry practices can cause significant proliferation of 
insect pest populations such as pine bark beetle (Hylastes ater) populations because of the 
expansive areas of habitat made available to the insects after harvest (Brownbridge et al., 
2010). Fungi from the genus Beauveria are important mortality factors in pine bark beetle 
populations. In particular B. caledonica has been recurrently isolated from insect cadavers in 
pine forest. Beauveria bassiana has been isolated from pine bark beetle habitat, but has not 
yet been observed to infect these insects in the field (Glare et al., 2008; Reay et al., 2007). 
For this reason, it is necessary to understand the ecology of B. bassiana and B. caledonica 
species, especially in association with P. radiata, in order to exploit these entomopathogens 
as biocontrol agents. Beauveria bassiana has the ability to exist as an endophyte in pines 
(Ganley and Newcombe, 2006; Reay et al., 2010) and certain Beauveria strains may occupy 
the rhizosphere of plants (Chapter 4), perhaps by utilising the exudates secreted from plant’s 
roots rather than just relying solely on insect hosts for nutrition (St. Leger, 2008). As is the 
case with Metarhizium spp., rhizosphere colonisation may be plant specific for certain strains 
of Beauveria (Wyrebek et al., 2011). The purpose of these experiments was to assess whether 
the selected strains of Beauveria were able to colonise and persist in the rhizosphere of P. 
radiata, and whether there are any notable differences between the species and/or isolates 
represented.  
5.2 Methods 
5.2.1 Experimental design 
Four Beauveria isolates were selected for this experiment based on qualitative observations 
from the onion adhesion assay: isolates F480, F679, F686 (B. bassiana) and F532 (B. 
caledonica) from the AgResearch Insect Pathogens Culture Collection. The experiment was 
replicated and designated pine rhizosphere colonisation (RC) trial 1 and trial 2 (PT1 and 
PT2). Trial 1 consisted of three blocks of pots with six treatments and five sampling times 
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(time in days: 1, 14, 28, 63, 84) resulting in a total of 30 pots per block and three replicates 
per treatment. Table 5-1 illustrates the design layout. Trial 2 consisted of the same six 
treatments but with four sample times (time in days: 1, 14, 28, 63), so there were 24 pots per 
block. This experiment did not include the 12 week sample (84 days) because it was known 
that the potting bags would be root bound by 12 weeks and therefore the rhizosphere and bulk 
soil would be difficult to distinguish. The treatments were numbered as (i) F480 with pine 
(WP), (ii) F532 WP, (iii) F679 WP, (iv) F686 WP, (v) pine only (no inoculum), and (vi) soil 
only (no inoculum). These treatments were repeated for each sample time and the treatment 
numbers were assigned a random pot number within each block; PT1 consisted of 90 pots in 
total and PT2 consisted of 72 pots in total. 
Table 5-1  An extract from the experimental design table for block 1 of pine 
rhizosphere colonisation trial 1 showing the first 10 pots. Pine rhizosphere 
colonisation trial 2 was similar in design except without the 
treatment/sample-time of 84 days. 
 
The experiments were conducted at different times; PT1 was initiated on July 20 and 
concluded on October 12, 2010 (12 weeks); PT2 was initiated November 2, 2010 and 
completed by January 5 2011 (9 weeks). The growth of the pine seedlings used for PT2 was 
accelerated in the potting mix and also because of the spring/summer growth. Although the 
pines were similar in size for the second trial, it could not run for the same length of time as 
PT1 because the seedlings became root-bound 9 weeks from inoculation.  
5.2.2 Background Beauveria assessment 
Pinus radiata seeds (PF Olsen seed, GF Plus; Seddon, NZ) were sown in either Rhizotron 
soil or in 3-4 month potting mix obtained from the Lincoln University nursery (4:1 ratio of 
bark to pumice with fertilisers’ Osmocote exact 10 - 3.5 – 10, Agricultural Lime and 
block
pot 
number
treatment 
& sample 
time
treatment
time 
(days)
1 1 3.3 F679 28
1 2 4.1 F686 1
1 3 3.5 F679 84
1 4 6.4 soil only 63
1 5 2.1 F480 1
1 6 3.4 F679 63
1 7 5.3 pine only 28
1 8 3.2 F679 14
1 9 5.1 pine only 1
1 10 1.5 F532 84
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Hydraflo), in PB ¾ bags (Egmont Commercial) for the first trial and 1 ½ PB bags for the 
second trial. Rhizotron soil consisted of a loam/sand mix at a ratio of 4:1 (Chapter 2). The 
soil was analysed for basic composition (Appendix A). The Rhizotron soil and the potting 
mix were assessed for the presence of resident Beauveria species using standard soil fungi 
isolation methodology (Chapter 2), in addition to the pine seeds, which were washed in 0.05 
% Tween 80 and incubated at 20°C on Beauveria Semi-selective Media (BSM). The 
Rhizotron soil and potting mix background assessment revealed no Beauveria, however, 
Beauveria isolates were found on the surface of the pine seed as well as on the pine needles 
(isolate designations: SS, AM1 and AM2). Additionally, resident Beauveria endophytes were 
isolated from pine seedling roots and pine seeds (refer to Chapter 6).  
5.2.3 Inoculation and sampling protocol 
Pine seeds were soaked in distilled water for 24 hours, drained but left moist and then stored 
for five weeks at 4°C to simulate stratification. After approximately three month’s growth of 
the pine seedlings, conidia suspensions were prepared from the four isolates one day prior to 
the soil inoculations. The conidia suspensions were prepared using 10 PDA culture plates 
from each of the four selected isolates; conidia were scraped from hyphae and filtered 
through Miracloth. The methodology used to prepare the suspensions for soil inoculation was 
the same as that described in Chapter 2 and 4. CFU viability was also assessed by plating a 
series dilution of each treatment suspension to 10-6 CFU ml-1
Pine rhizosphere colonisation trial 1 sampling protocol 
 on BSM on the day the soil was 
inoculated. The glasshouse temperatures ranged between 16.6°C – 23.4°C for PT1, and 
13.3°C – 37°C for PT2. 
At each sample time (1, 14, 28, 63, and 84 days), 18 potting bags were destructively sampled. 
In the bags that contained a pine seedling, the above-ground part of the seedling was cut at 
the base of the stem, at the soil surface, and weighed for fresh weight. A soil sample was 
collected for the soil moisture content assessment (SMC) (Chapter 2). Two samples were 
taken from each potting bag that contained a pine seedling: a rhizosphere sample and a bulk 
soil sample. For the rhizosphere sample, the roots of the seedlings with intact rhizosphere soil 
were extracted carefully and any loose soil shaken off. The roots and rhizosphere were 
weighed and then washed in 15 ml of 0.05% Tween 80, and stored overnight at 4°C. By the 
week four sample, this quantity of Tween 80 was increased to 18 ml due to the increase in 
rhizosphere mass (this change was accounted for in the calculations for CFU g-1 soil). For the 
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bulk soil sample, a 5 g sample was collected from the loose soil under the surface and around 
the edges of the potting bag and transferred to a 50 ml tube with 45 ml of 0.05 % Tween 80 
(10-1 dilution). The following day the roots and rhizosphere soil solution were shaken at 500 
osc/min for 5 minutes and the roots extracted, dabbed dry and weighed in order to calculate 
the rhizosphere soil weight. The rhizosphere and bulk soil samples were diluted in series in 
0.05% Tween 80 to 10-3, and 100 µl each of the 10-2 and 10-3 dilutions were plated on BSM, 
two plates per dilution. The dilution plates were incubated in the dark at 20°C for 14 days. 
The number of CFUs per g of dry soil was calculated from the number of Beauveria colonies 
observed by visual assessment, which was averaged over the 10-3
Pine rhizosphere colonisation trial 2 sampling protocol 
 plates for each sample 
using the SMC data. 
As above for trial 1, 18 potting bags were destructively sampled at each sample time (at 1, 14, 
28, and 63 days.) In the potting bags that contained a pine seedling, the above-ground part of 
the seedling was cut at the base of the stem at the soil surface, but oven dried at 65°C for 48 
hours. The dry weights of the cuttings were then recorded. A soil sample was collected for 
the soil moisture content assessment (SMC) (Chapter 2). The roots of the seedlings with 
intact rhizosphere soil were extracted carefully and any loose soil shaken off. The roots and 
rhizosphere were weighed and then washed in 150 ml of 0.05% Tween 80, and stored 
overnight at 4°C. Bulk soil samples were collected by the same method as PT1. The 
following day, the rhizosphere-root and bulk soil samples were shaken as above and the roots 
were removed from the rhizosphere solutions and weighed. Samples were processed by the 
same method as PT1 above.  
There was initially a problem with root water absorption due to the larger root mass, which 
amplified the seedling’s root mass after soaking overnight in the 0.05% Tween 80. This 
affected the accuracy of the rhizosphere soil fresh weight obtained, which was required to 
determine the quantity of CFUs per gram of soil. To alleviate this, the rhizosphere soil weight 
was also estimated from the soil that was washed off in the Tween solution, so that any 
difference between the weight of the roots plus soil and this estimated weight could be 
calculated and used to determine error from the difference in the weight of the rhizosphere 
soil recorded as a result of water absorption by the pine roots.  
 
  
 47 
 
Estimating rhizosphere soil fresh-weight error  
The bottles were weighed without and then with the soil solution and then oven dried at 
105°C for 48 hours to evaporate off all water. The bottles containing the dry rhizosphere soil 
were then weighed again and the rhizosphere soil sample weight was calculated again from 
the dried soil by estimating the original fresh weight of the soil based on the SMC 
(percentage of soil moisture) of the sample. The difference between the soil fresh weight 
observed before and after washing the roots and this estimated rhizosphere soil weight from 
the washings was used to determine the extent of water absorption providing soil mass error 
for each sample. This error was averaged over all samples and the mean error weight was 
added to the observed soil fresh weight of each sample. This was repeated for each sample 
time. The purpose of this was to scale up all the rhizosphere soil weights so that the 
probability of overestimating the number of CFU g-1
5.2.4 Statistical analysis 
 rhizosphere soil would be less likely. 
The mean was used to avoid outliers that occasionally occurred from the soil weight 
estimates.  
All statistical analysis was performed in Genstat (Version 12.2). The CFU g-1 dry soil data (y 
variate) was logarithmically transformed (log10) for all analyses, unless otherwise stated. For 
each experiment, the comparison of isolates for the difference between rhizosphere and bulk 
soil CFU quantities was assessed using one-way ANOVAs. The difference between the two 
CFU quantities was therefore analysed as a log10 ratio to give one variate (R:B). 
Additionally, the rhizosphere and bulk CFU g-1 dry soil were also analysed independently 
using ANOVA tests to compare the persistence of the isolates in the rhizosphere and the bulk 
soil separately. Best estimates of the mean ratios for rhizosphere to bulk CFU g-1
Pine trial 1 analysis 
 dry soil 
were calculated with 95% CI and contrasted against a ratio of 1 (comparing these ratio means 
for each isolate against a ratio of 1 tests the general null hypothesis for this experiment; no 
significant difference between the quantity of Beauveria in the rhizosphere compared to the 
bulk soil). 
For the first experiment, only three of the five sample time data were analysed: days 14, 28, 
and 63. At day 1, there was very little rhizosphere soil to measure but the presence of 
Beauveria adhering to the rhizoplane of the seedlings meant that the calculation of the 
number of CFUs per gram of dry soil was overestimated by the small rhizosphere soil 
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weights in the equation (the total number of CFUs in the original 10-1
Pine trial 2 analysis 
 dilution was divided by 
the rhizosphere soil dry weight to obtain CFU per g dry soil). At day 84 (12 weeks), the 
seedlings were root-bound in the PB ¾ bags and so there was little distinction between 
rhizosphere and bulk soil. The decision was made therefore to exclude the data collected 
from day 1 and 84 from the statistical analysis. The fresh biomass of the pine foliage was also 
not analysed statistically because of the variation in plant water attenuation.  
One sample time was excluded for trial 2: day 14, because the dilution plates became 
contaminated with Beauveria rendering the counts of some replicates incorrect. At day 1 for 
experiment 2, the root mass of the pine seedlings were much larger so there was sufficient 
rhizosphere soil to collect in contrast with experiment 1. Isolate F686 declined below the 
level of detection during this experiment after 14 days and was consequently excluded from 
statistical analysis. The dry biomass of the pine foliage was analysed in an ANOVA for the 
comparison of inoculated pines and the pine control. 
5.3 Results 
The Beauveria isolates investigated in pine trial 1 and 2 (F480, F532, F679 and F686) were 
all found in larger quantities in the rhizosphere compared to the bulk soil, although the ratio 
(R:B) was dependent on sample time (Table 5-1). The two experiments reflected variation in 
the trends produced from the isolates used (Figure 5-1, 5-2). However, rhizosphere 
colonisation was evident overall and there was no statistical difference found between the 
isolates for the ratio R:B when the data was pooled over all sample times analysed for each 
trial. 
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Figure 5-2 Mean CFU g-1
5.3.1 Rhizosphere and bulk soil CFU analysis 
 dry soil in the rhizosphere and bulk soil of pine seedlings for 
pine trial 2 (PT2), including sample times (days) 1, 14, 28, and 63 for four 
Beauveria isolates. Day 14 plates were contaminated and excluded from all 
other analysis, outliers were removed from above data. 
When the Beauveria isolates were compared for CFU g-1 soil within the rhizosphere and bulk 
soil separately, there were some significant differences observed between isolates for each 
trial. Although these differences were consistent within PT1 and PT2, the same differences 
observed between isolates were generally not repeated for each trial with the exception of 
isolate F686, which performed poorly in both experiments as observed from isolate means of 
rhizosphere and bulk soil CFU g-1
Figure 5-4
 over time (Figure 5-1; 5-2) and grand means from the 
ANOVA analysis ( ). In PT1, the sample time had a significant effect on the log10
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ratio (R:B) for the three sample times included (P = 0.02) and there was also a significant 
polynomial linear relationship when the isolate ratios were contrasted against each other over 
the three sample times (P = 0.001), indicating a general decline in the ratio (R:B) over time. 
The pattern which was most often observed for each isolate in trial 1 was an increase in the 
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ratio from day 14 to day 28 but then a decline again from day 28 to 63 (Table 5-3) (Figure 
5-5). In contrast, the patterns observed in trial 2 for each isolate varied; with the ratio (R:B) 
of F480 increasing drastically over time, while F532 steadily declined and F679 repeated the 
pattern from PT1 by increasing from day 1 to 28 and then declining again by day 63 to 
approximate a similar ratio as day 1 (Table 5-4) (Figure 5-6). However, as the sample times 
analysed varied for the two trials, and the experiments were conducted at different times of 
the year, the variation between experiments may have several explanatory factors such as 
temperature (Figure 5-3), soil, humidity and differences in plant biomass prior to inoculation.  
Table 5-2 Pine trial 1 isolate mean CFU g-1 dry soil at three sample times (days) for 
rhizosphere, bulk and ratio (R: B) data. Table (a) original values and (b) 
log10
 
 values with 5% LSD. 
 
a)
Time (days) Time (days) Time (days)
Treatment 14 28 63 14 28 63 14 28 63
F480 B. bassiana 1145513 478630 374111 325837 190546 293765 3.5 2.5 1.3
F532 B. caledonica 671429 2477422 374973 317687 221820 285759 2.1 11.2 1.3
F679 B. bassiana 2673006 651628 360579 233884 405509 172187 11.4 1.6 2.1
F686 B. bassiana 222331 325837 21038 104472 74302 24889 2.1 4.4 0.8
b)
Time (days) Time (days) Time (days)
Treatment 14 28 63 14 28 63 14 28 63
F480 B. bassiana 6.06 5.68 5.57 5.51 5.28 5.47 0.5 0.4 0.1
F532 B. caledonica 5.83 6.39 5.57 5.50 5.35 5.46 0.3 1.0 0.1
F679 B. bassiana 6.43 5.81 5.56 5.37 5.61 5.24 1.1 0.2 0.3
F686 B. bassiana 5.35 5.51 4.32 5.02 4.87 4.40 0.3 0.6 -0.1
LSD(5%) 0.56 0.56 0.56 0.26 0.26 0.26 0.56 0.56 0.56
log10 Rhiz CFU per g soil log10 Bulk CFU per g soil log10 Ratio rhiz:bulk
Rhiz CFU per g soil Bulk CFU per g soil Ratio rhiz:bulk
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Table 5-3 Pine trial 2 isolate mean CFU g-1 dry soil at three sample times (days) for 
rhizosphere, bulk and ratio (R: B) data. Table (a) original values and (b) 
log10
 
 values with 5% LSD. F686 means included but not analysed. 
 
Figure 5-3 Mean glasshouse temperatures with standard deviation error bars for pine 
trial 1 and 2, demonstrating maximum and minimum temperatures (°C) 
over different date ranges. 
The general quantity of CFU g-1
Figure 5-4
 soil recovered in rhizosphere and bulk soil for trial1 was 
greater than the quantity observed in trial 2. However, the differences between rhizosphere 
and bulk soil CFU quantities was greater for trial 2 ( ). 
a)
Time (days) Time (days) Time (days)
Treatment 1 28 63 1 28 63 1 28 63
F480 B. bassiana 1051962 322849 662217 57016 322849 18880 18.5 13.6 35.1
F532 B. caledonica 837529 154170 193197 55847 27040 23659 15.0 5.7 8.2
F679 B. bassiana 492040 395367 72946 38371 22751 5834 12.8 17.3 12.5
F686 B. bassiana 208449 601966 9100 22.9 0.0 0.0
b)
Time (days) Time (days) Time (days)
Treatment 1 28 63 1 28 63 1 28 63
F480 B. bassiana 6.02 5.51 5.82 4.76 4.37 4.28 1.3 1.1 1.5
F532 B. caledonica 5.92 5.19 5.29 4.75 4.43 4.37 1.2 0.8 0.9
F679 B. bassiana 5.69 5.60 4.86 4.58 4.36 3.77 1.1 1.2 1.1
F686 B. bassiana (5.32) - (5.78) (3.96) - - (1.4) - -
LSD (5%) 0.68 0.68 0.68 0.35 0.35 0.35 0.69 0.69 0.69
log10 Rhiz CFU per g soil log10 Bulk CFU per g soil log10 Ratio rhiz:bulk
Rhiz CFU per g soil Bulk CFU per g soil Ratio rhiz:bulk
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Figure 5-4 Mean data for isolate CFU g-1
 
 dry soil in the rhizosphere and bulk soil, with 
significance indicators to compare isolates across all sample times, for pine 
trial 1 and 2 (PT1, PT2). 
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Figure 5-5 The ratio (log10) rhizosphere to bulk CFU g-1
 
 soil at day 14, 28 and 63 for 
pine trial 1 (PT1), representing four Beauveria isolates.    
Figure 5-6 The ratio (log10) rhizosphere to bulk CFU g-1
 
 soil at day 1, 28 and 63 for pine 
trial 2 (PT2), representing three Beauveria isolates. 
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Figure 5-7 Persistence of Beauveria isolates associated with pine seedlings in pine trial 1 
and 2 (PT1; PT2): (a) rhizosphere CFU g-1
 
 PT1, (b) bulk PT1, (c) 
rhizosphere PT2 and (d) bulk PT2. 
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5.3.2 Pine trial 1 and 2 best estimates 
In addition to comparing the isolates for the ratio of rhizosphere to bulk CFU g-1
Table 5-4
 dry soil, this 
(R:B) ratio for each isolate was contrasted against a ratio of 1 using best estimates of the 
means in order to determine whether there was a significant difference between the quantity 
of Beauveria in the rhizosphere compared to the bulk soil (a ratio of 1:1 for R:B is the null 
hypothesis for these experiments). The best estimate of the means with 95% CI for each 
isolate, for the ratio of rhizosphere to bulk soil (R:B) were all significantly different to a ratio 
of 1 in both pine trial 1 and 2 ( ).  
Table 5-4 Pine trial 1 and 2 (PT1, PT2) best estimate mean ratio values (back-
transformed log10
 
) for isolates with 95% confidence intervals; significance 
against a ratio of 1 as indicated by * included.  
5.3.3 Trial 2 pine foliage biomass 
The seedlings’ biomass increased over the four sample times in PT2, as would be expected. 
There was no significant difference between the isolates and the Beauveria-negative plant 
control treatment (Con) for the dry biomass (P = 0.791). However, growth for the pines 
inoculated with isolate F532 may have been stunted by day 63 (Figure 5-8) although there 
was a low number of replicates for measuring biomass. 
 
Experiment Isolate
Best 
estimate 
(ratio R:B)
95% CI  ≤ 0.05
PT1: F480 2.24 1.33 - 3.79 *
F532 3.14 1.86 - 5.31 *
F679 3.37 2.00 - 5.70 *
F686 1.99 1.18 - 3.37 *
PT2: F480 20.65 8.41 - 45.08 *
F532 8.87 4.06 - 19.36 *
F679 14.06 6.44 - 30.69 *
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Figure 5-8 Mean dry weights of plant foliage in grams over four sample times for four 
Beauveria isolates and a plant-only control for experiment 2 with 5 % LSD 
bars included (LSD = 1.45). 
5.4 Discussion 
The results from this study support that the Beauveria isolates F480, F679, F686 (B. 
bassiana) and F532 (B. caledonica) are capable of colonising the rhizosphere of P. radiata 
seedlings. The quantity of CFUs observed in the rhizosphere always exceeded the quantity 
observed in the bulk soil in these trials, until the potting bags became root-bound. The ratio of 
rhizosphere to bulk (R:B) CFU g-1
The hypothesis for this study was that after 24 hours the R:B ratio would approximate a 1:1 
ratio, because 24 hours is insufficient time for rhizosphere to be established and colonisation 
to occur. However, in the first trial (PT1), the 24 hour (day 1) rhizosphere CFU quantities 
were significantly greater than in the bulk soil. There may be several factors that could have 
contributed to this apparent inflation of rhizosphere counts after only 1 day; for example, the 
Beauveria CFUs adhered to the root surface, even though there was the wetting agent 
(Tween) present in the inoculum suspensions.  Beauveria spores are very hydrophobic 
 of soil was therefore dependent on the length of time the 
experiment was conducted, which could be reasonably expected in pot trials with limited soil 
volume. An important insight gained from this study on the ecology of Beauveria in 
associated with P. radiata is the notable difference in the performance of various isolates. For 
example, F686 performed poorly in the soil compared to the other three isolates in both trials. 
These differences between isolates are important to consider in the context of selecting a 
biocontrol agent. The implications of this study suggest that an assessment of the ecological 
performance of isolates in relation to the intended environment for application is required for 
the selection criteria of a biocontrol agent.  
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(Kirkland and Keyhani 2011) and the watering of the potted seedlings that followed after 
inoculation may have diluted the Tween concentration sufficiently to cause clumping to the 
rhizoplane. Additionally, the seedlings were washed prior to planting in the inoculated soil, 
providing a large surface area for Beauveria CFUs’ adhesion. Washed, harvested roots from 
PT1 were also found positive for Beauveria adhesion as a preliminary test, demonstrating the 
presence of Beauveria on the pine rhizoplane after being washed vigorously in sterile 0.05% 
Tween 80 (unpublished observation). This result implies that the rhizoplane is an important 
aspect of the rhizosphere and that the Beauveria species used in this study had the capacity to 
colonise it. The quantity of CFUs in rhizosphere soil is therefore likely to be inflated by a 
proportion of CFUs washed off from the rhizoplane when the quantity of soil is less than 0.05 
grams. Although the rhizoplane is a valid component of the rhizosphere (Lugtenberg and 
Bloemberg, 2004) and ought to be incorporated into the measurement of CFUs in the 
rhizosphere, rhizoplane adhesion may not exclusively explain the large rhizosphere counts 
after 24 hours, which is why the 24 hour sample data can be considered valid even though it 
was excluded from the statistical analysis. 
 Additionally, there may have been an artefact in the equation used to calculate the CFU g-1
The R:B CFU ratio in PT1 consistently approximated a ratio of 1 from nine to twelve weeks 
(day 63-day 84) which, as suggested above, was indicative of the potting bags becoming root-
bound, with little bulk soil remaining. Generally, it is difficult to identify the point at which 
the bulk soil integrates with the rhizosphere soil (Bruck, 2010; Jaronski, 2008). It depends on 
the root mass and structure of the individual plant and also on the extent the root exudates 
permeate throughout the potting bag to influence the microbial communities and soil 
structure (Lugtenberg and Bloemberg, 2004). However, it may depend on the overall soil 
volume because by week nine in PT2 the pines were also nearly root-bound but isolates F480 
of 
dry soil, calculated as follows: total CFU concentration/ rhizosphere dry soil mass. Where the 
total rhizosphere soil mass was very low (for example 0.05 g), the ratio of soil to root was 
low so that the quantities may have been inflated by the low denominator in the equation. The 
rhizosphere soil mass may have also been underestimated as a result of water absorption from 
the pine roots during the washing with 0.05 % Tween 80 (washed and stored overnight) in 
PT1. However, watering prior to harvest and the small root mass of the pines at 24 hours after 
inoculation in PT1 suggested water absorption and retention may have been negligible. 
Indeed water absorption was an issue in PT2 but accounted for in the equation for calculating 
CFU quantities per gram of soil. 
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and F532 demonstrated an increase in the R:B CFU ratio from days 28 to 63. Although the 
potting bags contained more soil in PT2, the root mass was larger and the proportion of roots 
to soil volume should therefore have been similar to PT1. However, the pines used in both 
trials were planted into the inoculated soil at two different ages, undoubtedly affecting the 
direction of pine root growth (Ortega et al., 2006). For example, the older pine seedlings used 
in PT2 were observed to have developed a root plug that had formed at the bottom of the 
potting bag in which they were sown. This root structure and distribution may have provided 
more bulk soil surrounding the roots towards the soil surface, ultimately influencing the ratio 
observed because of the sampling method used.  
Because PT2 was not conducted to twelve weeks after inoculation, the persistence of 
Beauveria in the rhizosphere compared to in the bulk soil could not be fully compared 
between these two trials. For PT1, the R:B ratio approached 1and the overall quantities 
declined to ca. 104 g-1 of soil but appeared relatively stable. Therefore, the possibility of a 
difference in the ecological carrying capacity (relative to plant root mass), in the rhizosphere 
compared to in the bulk soil for Beauveria remains to be explored. However, this study may 
be the first to observe differences in Beauveria persistence in the rhizosphere compared to the 
bulk soil (in addition to observations made from isolate F679 in the vegetable trials, chap. 3), 
but an experiment similar to this on a longer time scale is necessary to determine differences 
in overall persistence and the possibility of rhizosphere competence. Bruck (2005) studied the 
persistence of Metarhizium anisopliae in the rhizosphere of Picea abies and found that the 
number of CFUs only increased after approximately fourteen weeks. Although these studies 
were with different species and potting media, perhaps twelve weeks is an insufficient length 
of time to evaluate the persistence of Beauveria in the rhizosphere effectively (Bruck, 2005).  
However, the R:B ratio increased for F480 and F679 in PT2, so it would be interesting to 
investigate whether there would be further increase in CFUs in a larger volume of soil over a 
greater length of time, or whether the decline of Beauveria below levels of detection in the 
bulk soil occurs before the decline in the rhizosphere. Indeed, an increase would confirm 
Beauveria isolates as rhizosphere competent organisms, not just successful rhizosphere 
colonisers, and would provide further insights into the ecology of these particular isolates, in 
addition to the two species represented here (Baker, 1991). The original intention was to 
replicate the experiment so that there would be six replicates rather than three per trial. 
However, it was not possible to process six replicates at a time. Therefore, it was decided to 
split the experiment into two trials, staggered over two weeks so that the replicates could still 
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be compared within a time-frame that overlapped. Unfortunately, the initiation of PT2 was 
delayed by the availability of the soil/loam mix used in PT1. As a result, the second trial was 
conducted over summer using the seedlings sown in April/June (for both trials). The 
seedlings by this time had achieved more growth as mentioned above and the second soil mix 
was also altered, collected from the same field, but mixed with coarser river sand resulting in 
a different soil texture.  Because the trials were conducted at different times of year, the 
temperature fluctuations were more severe for PT2 over the summer with higher temperature 
maximums. For example, 21 days of the 63 days for trial 2 exceeded 30o
 
C, by comparison, 
there were no days exceeding 30°C in the 84 days for PT1. This temperature range may have 
significantly contributed to the overall lower quantity of CFUs measured for each isolate in 
the rhizosphere and bulk soil in trial 2 compared to PT1, because the temperature range for 
Beauveria growth and survival is generally between 4 - 40°C, with growth being stunted 
above temperatures of 30°C (Goettel et al., 2010). 
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     Chapter 6 
Occurrence of the entomopathogen Beauveria bassiana 
as an endophyte of Pinus radiata and Brassica spp. 
6.1 Introduction 
As discussed in the introduction, B. bassiana has been detected as an endophyte in several 
plant species around the world, including two species of Pinus, P. monticola in the USA 
(Ganley and Newcombe, 2006) and P. radiata in New Zealand (Reay et al., 2010).  Pinus 
radiata is the main plantation forest tree species in New Zealand.  Beauveria spp. are also 
distributed widely in the New Zealand environment, having been recovered from a range of 
insects and from soil in many locations (Glare and Inwood, 1998; Glare et al., 1993; Reay et 
al., 2008). Several species of Beauveria are present. In forests, both B. bassiana and B. 
caledonica are common (Reay et al., 2008). It is interesting, however, that although both 
species are highly virulent for the major pest species of pine in these forests (Glare et al., 
2008; Reay et al., 2008) B. bassiana is rarely found infecting the beetle species in the field 
(Brownbridge et al., 2010; Reay et al., 2008).    
Reay et al. (2010) reported on the occurrence of B. bassiana in seed of a single pine cone, in 
addition to recovery from about 15% of trees tested via the needles. Yet the effect of B. 
bassiana as an endophyte on the pine, the type of transmission, persistence in the host and 
implications to the lifecycle of the fungus remain to be explored. The effect of B. bassiana as 
an endophyte in most plant-fungus interactions is currently still under investigation, but there 
is evidence that in some cases the fungus can reduce pest damage (Gurulingappa et al., 2010) 
and even be antagonistic to plant pathogenic microbes (Ownley et al., 2010; Ownley et al., 
2008). Endophytic infection by Beauveria may occur at various stages of the plant’s growth 
and may be predominantly introduced into the host plant from either the rhizosphere or the 
phyllosphere. Isolation from seed suggests vertical transmission. However, the recovery of 
Beauveria inoculated into plant soil as an endophyte would also suggest horizontal 
transmission from root infection, providing insight into the importance of the rhizosphere as 
an ecological interface between the plant host and fungus (Reay et al., 2010). 
The purpose of this study was to determine whether the Beauveria isolates’ F480, F679, F686 
(B. bassiana) and F532 (B. caledonica), used as soil inoculants in the pine and vegetable 
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trials for the assessment of rhizosphere colonisation (RC), became endophytic, and whether 
recovered isolates from experimental treatments could be confirmed as homologous with 
these original inoculum. Additionally, sequences obtained from any endophytic isolates were 
compared with isolates from the USDA Agricultural Research Service Collection of 
Entomopathogenic Fungi (ARSEF) (Rehner and Buckley, 2005) in order to characterise in 
context of previously studied Beauveria species. 
A secondary objective of this study was to identify whether any Beauveria isolates obtained 
from soil and plant control treatments were resident background or identical to Beauveria 
spp. used in the experiments. Pine (P. radiata), broccoli, cauliflower and cabbage seed 
(Brassica oleracea subspecies) (sourced from the same batch as used in trials) were tested for 
the occurrence of Beauveria endophytes following the rhizosphere colonisation trials. Pine 
seeds and pine needles were tested for the presence of surface Beauveria prior to the 
initiation of the two pine trials (Chapter 5) and sequences obtained from these various isolates 
were aligned and compared with sequences from recovered and endophyte isolates.   
6.2 Methods 
6.2.1 Pine seed and needle surface assessment 
Ten pine seeds (PF Olsen seed, GF Plus; Seddon, NZ) were washed twice with sterile 0.05% 
Tween 80 and placed on BSM (two seeds per plate). Ten pine needles were randomly 
sacrificed from newly emerged seedlings prior to use in the pine rhizosphere colonisation 
(RC) trials, placed on BSM and incubated for 14 days at 22°C. The Tween solution was also 
plated to test sterility. 
6.2.2 Detection of endophytic Beauveria 
All vegetable seedlings harvested and pine seedlings from the 63 day sample (nine weeks 
after inoculation) were monitored for the presence of Beauveria spp. within the plants.  After 
destructive harvesting from each trial, a section of root was removed from all seedlings, 
surface sterilised and placed on BSM, as described in Chapter 2. Beauveria identified from 
the roots was isolated aseptically from the plates, cultured on fresh BSM, and incubated for 
10 days at 22°C, in order to obtain pure colonies. From these pure cultures, conidia were 
collected and cultured at room temperature for 48-72 hours and shaken at 160 rpm, in potato 
dextrose broth (PDB) (Difco, NJ). The new hyphae were filtered from PDB in preparation for 
DNA isolation. 
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6.2.3 Molecular identification of recovered isolates 
DNA was extracted from the filtered hyphae samples (refer above) from pure cultures. 
Hyphae samples were independently ground to powder in liquid nitrogen.  DNA was 
extracted using a Plant Genomic DNA Extraction System (Viogene, Taiwan) following the 
manufacturer’s instructions.  The DNA obtained was diluted 1:10 in water and then used for 
PCR.  PCR was conducted with 25 µl volumes consisting of 0.4 µM of each primer 
(Invitrogen, California), 200 µM dNTPs (Innovative Sciences, Dunedin, New Zealand), 2.5 
µl reaction buffer, 1.5 mM MgCl2, 2 µl DNA and FastStart Taq (0.7U/reaction) (Roche).  
Amplification of a fragment of the EF1-α gene was performed for Beauveria using the 
primers EF349 (5'- TGGCCACCAGCACTCACTAC) and EF1685R (5'- 
ATGTCACGGACGGCGAAA), designed to amplify an internal fragment of approximately 
1350 bp (Glare, unpubl. data). Amplifications were carried out in a thermal cycler using a 
95oC for 5 min hotstart, followed by 40 cycles of 45 secs at 95°C, 45 sec at 55°C and 2 mins 
at 72°C.  Positive and negative (sdH2
DNA was extracted from a single pure Beauveria culture recovered from each experimental 
treatment, including control treatments where Beauveria was observed; taken from the soil 
isolation plates of the three vegetable trials and two pine trials. DNA of the original cultures 
of these isolates was extracted and amplified by the same method as described above.  
O) controls were included in each PCR run.  PCR 
products were sequenced directly (Lincoln University Sequencing Unit, New Zealand).  
Sequencing was conducted on both strands and a consensus sequence derived using Chromas 
Pro v1.5 (Technelysium).  Sequences were checked for identification first by BLAST 
(Altschul et al., 1990) and aligned for comparison with sequences obtained from most similar 
sequences found using BLAST and from the EF1-α gene sequence for isolates F480, F532, 
F679 (pine and vegetable trials) and F686 (pine trials only).  
6.2.4 Data analysis 
EF1-α sequence alignment  
Sequences from isolates obtained growing inside trial plants were aligned and compared in a 
phylogenetic analysis. Phylogenetic analyses were conducted in MEGA4 (Tamura et al., 
2007). The evolutionary history was inferred using the Neighbor-Joining method (Saitou and 
Nei, 1987). The evolutionary distances were computed using the Kimura 2-parameter method 
(Kimura, 1980) and are in the units of the number of base substitutions per site. Codon 
positions included were 1st, 2nd, 3rd and noncoding. All positions containing gaps and missing 
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data were eliminated from the dataset (complete deletion option). There were a total of 558 
positions in the final dataset (aligned sequences overlapped for 558 base-pairs in length). The 
endophyte isolates were compared along with original isolates’ F480, F532, F679, F686, in 
addition to: soil isolate FBHU, pine seed endophyte 1 and 2 (E1PS and E2PS), one 
phyllosphere isolate (AM2) and associated ARSEF isolates (Rehner and Buckley, 2005). 
Isolate E47-P1 and E17-P1 (endophyte isolates from pine trial 1) were excluded from this 
analysis because of poor quality sequence reads. ARSEF isolates were selected by comparing 
one isolate from each branch of a homology tree generated from EF1-α consensus 558 base-
pair (bp) long sequences of the above isolates (from primers EF349 – EF1685) with the 
corresponding ARSEF isolate found in BLAST (Altshul, 1990) that was most related (99.9-
100%). A second 222 bp long EF1-α sequence alignment and phylogenetic analysis was also 
conducted by the same method described above to include isolates’ E47-P1 and E17-P1.  
Recovery isolate identification 
A phylogenetic analysis in MEGA4 (Tamura et al., 2007) was used to confirm the identity of 
recovered isolates in comparison with the original soil inoculum isolates’: F480, F532, F679 
and F686 by the same method described above for the endophyte analysis. Initially all 
isolates were aligned together comparing sequences from the EF1-α 349 direction spanning 
142 bp in length and a tree was generated from this alignment. This short sequence alignment 
was repeated except isolates’ F12-V2 and F49-V1 were excluded because of poor quality 
sequence data. To verify the validity of the short sequence comparison, a 473 bp alignment 
was conducted excluding isolates’ F49-V1, F12-V2, F46-V2, F62-V2, and F43-V3. A 
homology distance matrix pair-wise comparison table was produced in DNAMan (Lynnon 
Biosoft, Canada) from long and short sequence alignments (Appendix B). Isolate F53-V2 
(representing treatment F679 from cabbage rhizosphere) was not sequenced and therefore 
also excluded from the above analysis. A 474 bp alignment of the endophytes (excluding 
E17-P1) with recovered isolates (excluding F49-V1, F12-V2, F46-V2, F62-V2, and F43-V3) 
was also conducted with a phylogenetic analysis (using the same method as described above) 
to compare as many isolates as possible recovered during the course of this study. 
6.3 Results 
6.3.1 Pine seed and needle surface assessment 
Washed pine needles were found positive for surface Beauveria and two isolates were 
consequently cultured (designated AM1 and AM2) (Table 6-2). One isolate was cultured 
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from the surface of washed seeds (FSS). No Beauveria occurred from the Tween 80 wash 
solution used. 
6.3.2 Endophyte isolations 
Thirteen B. bassiana endophytes were isolated from P. radiata seed and roots in addition to 
broccoli, cauliflower and cabbage roots (B. oleracea sp.) (Table 6-2).  No Beauveria was 
observed growing endophytically from B. oleracea subspecies seeds, and no fungi or bacteria 
were observed from these seeds after 21 days of incubation. 
Endophyte sequence alignment  
Only Beauveria endophyte isolates’ E3-V2, E79-P (from inoculated cabbage and pine 
seedlings containing treatment isolate F480) and E64-P (pine, from F679 inoculated soil) 
(Table 6-2) aligned with sequences of the original isolates’ F480 and F679 (Figure 6-1). All 
other endophyte isolates including the pine seed isolates aligned together with ARSEF B. 
bassiana isolate 1628 (Genbank EF1-α AY531896) (Table 6-1). ARSEF isolate 1628 was not 
identical to any of the original inoculum used in the trials (F480, F532, F679, F686), or the 
soil control treatment or phylloplane isolates obtained. The 558 bp sequence comparison of 
the endophytes (excluding isolates E17-P1 and E47-P1) produced an optimal tree (Figure 
6-1). The second shorter sequence (222 bp long) comparison, that included the two isolates 
missing from the first tree, produced an optimal tree as demonstrated in Figure 6-2. Within 
the 558 bp EF1-α (within EF 349 – 1685) sequence comparison for the endophyte isolate 
alignment, there was 0.5% non consensus from 17 bp providing 3.1% of informative 
variation to determine homology. In contrast, the 222 bp sequence contained 11 bp of natural 
genetic variation yielding a 0.6 % non consensus and 5 % informative variation within the 
sequence.  
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Table 6-1 USDA Agricultural Research Service Collection of Entomopathogenic Fungi 
(ARSEF) isolate reference codes and details (Rehner and Buckley, 2005) 
used for comparison with isolates’ F480, F679, F686 and endophyte isolates 
obtained from this study. 
 
6.3.3 Recovered isolate identification 
Nineteen out of twenty isolates recovered from inoculated soils were found to be 100 % 
identical to the original isolates’ F480, F532, F679 and F686 in the homology matrix (Table 
6-3). The short sequence (142 bp) comparative analysis did not distinguish isolate F37-2-P1 
from F480 (Figure 6-3). However, F37-2-P1 was the only recovered isolate not 100 % 
homologous with the original inoculum (F686) in the 472 bp sequence comparison (Figure 
6-4).  F37-2-P1 was an additional isolate cultured from the same soil isolation plate as F37-
P1 ex inoculum F686. The Beauveria was cultured twice from this particular plate because 
there were two morphologically distinct colonies counted on the same plate. Six Beauveria 
isolates; 109-V1, F86-P1, F89-P1, F61-V2, F12-V2 and F62-V2, were recovered from 
control treatment soils (no added inoculum). The homology assessment of isolates’ F49-V1, 
F46-V2, F43-P1 and F37-2-P1 (from inoculated soil treatments in VT1, VT2 and PT1, Table 
6-2) indicated a range between 92.9 – 99.3 % similarity on the EF1-α gene for the 142 bp 
long sequence comparison with the original Beauveria inoculum in the experiments (Figure 
6-3). The 142 bp sequence contained 5 bp of natural genetic variation between the 
homologous groups yielding a 0.86 % non consensus and 3.5 % informative variation within 
the sequence relative to the length analysed. In contrast, the 472 bp long sequence alignment 
contained 11 bp of variation providing 2.33 % informative variation relative to the sequence 
length and 0.69 % non consensus. The phylogenetic analysis of 39 isolates, including 12 
endophyte isolates and 21 recovered soil isolates, from a 474 bp EF1-α sequence alignment 
demonstrated that the endophytes isolated during this study, and represented in the analysis, 
were not homologous with any of the isolates recovered from soil control treatments (Figure 
6-5). 
ARSEF 
isolate code Species Origin Isolated from
344 B. bassiana USA Coleoptera: Chrysomelidae
681 B. bassiana Commonwealth of Independent States NA
796 B. bassiana Colombia Dermaptera
1185 B. bassiana France Coleoptera: Curculionidae
1628 B. bassiana Hungary Lepidoptera: Noctuidae
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Figure 6-1 Phylogenetic tree generated to align a 558 bp fragment of the elongation 
factor 1-α gene from Beauveria endophyte isolates (designated with an E) 
with F480, F532, F679 and F686, pine seed endophytes (E1PS, E2PS), 
phyllosphere (AM2), soil (FBHU) and five ARSEF isolates (22 isolates total). 
The tree is drawn to scale, with branch lengths in the same units as those of 
the evolutionary distances used to infer the phylogenetic tree. An * indicates 
the soil treatment associated with the seedling from which the endophyte 
was derived. 
 E15-V1 F480*
 E1PS
 E4-V1 F532*
 E2PS
 E31-V1 F532*
 E50-V1 F480*
 ARSEF 1628
 E47-V1 Con*
 E49-V1 F679*
 ARSEF 796
 FBHU
 AM2
 ARSEF 1185
 E64-P1 F679*
 F679
 ARSEF 344
 F686
 E3-V2 F480*
 F480
 ARSEF 681
 E79-P1 F480*
 F532
0.002
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Figure 6-2 Phylogenetic tree generated to align a 222 bp fragment of the elongation 
factor 1-α gene from Beauveria endophyte isolates with F480, F532, F679 
and F686, pine seed endophytes (E1PS, E2PS), phyllosphere (AM2), soil 
(FBHU) and five ARSEF isolates (24 isolates total). The tree is drawn to 
scale, with branch lengths in the same units as those of the evolutionary 
distances used to infer the phylogenetic tree. An * indicates the soil 
treatment associated with the seedling from which the endophyte was 
derived. 
 E47-P1 F532*
 E49-V1 F679*
 E4-V1 F532*
 E15-V1 F480*
 E31-V1 F532*
 E47-V1 Con*
 E50-V1 F480*
 E1PS
 E2PS
 ARSEF 1628
 E17-P1 F686*
 FBHU
 ARSEF 796
 E3-V2 F480*
 E79-P1 F480*
 F480
 ARSEF 681
 E64-P1 F679*
 F679
 F686
 ARSEF 344
 AM2
 ARSEF 1185
 F532
0.002
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Figure 6-3 Phylogenetic tree of recovered Beauveria isolates (from soil) from a 142 bp 
sequence alignment of the 5′ elongation factor 1-α gene, comparing isolates 
with original inoculum F480, F532, F679 and F686 (28 isolates total). The 
tree is drawn to scale, with branch lengths in the same units as those of the 
evolutionary distances used to infer the phylogenetic tree.  
 F64-V1
 F72-V1
 F43 V3
 F37-P1
 F37-2-P1
 F29-V1
 F25-V3
 F4-P2
 F89-P1
 F109-V1
 F679
 F686
 F2-V3
 F37-P2
 F43-P1
 F46 V2
 F61-V2
 F86-P1
 F62 V2
 F127-V3
 F480
 F14-V3
 F17-P2
 F17-V3
 F31-V1
 F33-V2
 F84-P1
 F532
0.002
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Figure 6-4 Phylogenetic tree of recovered Beauveria isolates from a 473 bp sequence 
alignment of the 5′ elongation factor 1-α gene, comparing isolates with 
original inoculum F480, F532, F679 and F686 (25 isolates total). The tree is 
drawn to scale, with branch lengths in the same units as those of the 
evolutionary distances used to infer the phylogenetic tree. 
 
 F679
 F686
 F109-V1
 F89-P1
 F72-V1
 F64-V1
 F37-P1
 F29-V1
 F25-V3
 F4-P2
 F61-V2
 F37-2-P1
 F2-V3
 F37-P2
 F43-P1
 F86-P1
 F127-V3
 F480
 F14-V3
 F17-P2
 F17-V3
 F31-V1
 F33-V2
 F84-P1
 F532
0.002
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Table 6-2 Designated codes for plant-associated Beauveria isolates obtained during vegetable trials’ 1 and 2, and pine trial 1 day 63 sample; 
for comparison with 99% related ARSEF isolates and AgResearch isolates’ F480, F532, F679 and F686. 
 
 
 
Experimental code Species Origin Collection date
ARSEF 
relative
EF1-α 
Genbank
F480   Beauveria bassiana  (Clade A)  Hylastes ater (Cur.: Scolytinae) cadaver on Pinus radiata,  Kinleith Forest, Tokoroa,  NZ 2002 681 AY531947
F532    Beauveria malawiensis  (Clade E ) Hylastes ater  (Cur.: Scolytinae) cadaver on Pinus radiata ,  Riverhead Forest, Nth Auckland, NZ 2004 - -
F679 (F97) Beauveria bassiana  (Clade A) Needles, unpruned mature P.radiata,  Pindale Forest, Central North Island, NZ. 344 AY531932
F686 (E134A) Beauveria bassiana  (Clade A)  Seeds, mature single P.radiata , Putaruru, Central North Island, NZ. 344 AY531932
AM1 Beauveria bassiana  (Clade A) P. Radiata  needle surface, Lincoln University Nursery, NZ 2010 1185 AY531886
AM2 Beauveria bassiana  (Clade A) P. Radiata  needle surface, Lincoln University Nursery, NZ 2010 1185 AY531886
FBHU Beauveria bassiana  (Clade A) Organic soil, Lincoln University Biological Husbandry Unit (BHU), Lincoln, NZ 2010 796 AY531959
FSS Beauveria bassiana  (Clade A) Pinus radiata  seed surface 2010 - -
E79-P Beauveria bassiana  (Clade A) P. radiata root endophyte pot 79, treatment F480 -PT1, day 63, Lincoln University, NZ 2010 681 AY531947
E47-P Beauveria bassiana  (Clade A) P. radiata root endophyte pot 47, treatment F532 -PT1, day 63, Lincoln University, NZ 2010 1628 AY531896
E64-P Beauveria bassiana  (Clade A) P. radiata root endophyte pot 64, treatment F679 -PT1, day 63, Lincoln University, NZ 2010 344 AY531932
E17-P Beauveria bassiana  (Clade A) P. radiata root endophyte pot 17, treatment F686 -PT1, day 63, Lincoln University, NZ 2010 1628 AY531896
E47-V Beauveria bassiana  (Clade A) Brassica oleracea italica  (broccoli) root endophyte pot 47, treatment broccoli control (no inoculum) -VT1, Lincoln University Nursery, NZ 2010 1628 AY531896
E15-V Beauveria bassiana  (Clade A) Brassica oleracea italica  (broccoli) root endophyte pot 15, treatment F480 -VT1, Lincoln University Nursery, NZ 2010 1628 AY531896
E49-V Beauveria bassiana  (Clade A) Brassica oleracea italica  (broccoli) root endophyte pot 49, treatment F679 -VT1, Lincoln University Nursery, NZ 2010 1628 AY531896
E50-V Beauveria bassiana  (Clade A) Brassica oleracea botrytis  (cauliflower) root endophyte pot 50, treatment F480 - VT1, Lincoln University Nursery, NZ 2010 1628 AY531896
E31-V Beauveria bassiana  (Clade A) Brassica oleracea botrytis  (cauliflower) root endophyte pot 31, treatment F532 - VT1, Lincoln University Nursery, NZ 2010 1628 AY531896
E4-V Beauveria bassiana  (Clade A) Brassica oleracea botrytis  (cauliflower) root endophyte pot 4, treatment F532 -VT1, Lincoln University Nursery, NZ 2010 1628 AY531896
E3-V2 Beauveria bassiana  (Clade A) Brassica oleracea capitata  (cabbage) root endophyte pot 3 -VT2, Lincoln University Nursery, NZ 2010 681 AY531947
E1PS Beauveria bassiana  (Clade A) P. radiata  seed (**)endophyte isolated from surface sterilised seed, Lincoln University, NZ 2010 1628 AY531896
E2PS Beauveria bassiana  (Clade A) P. radiata  seed (**)endophyte isolated from surface sterilised seed, Lincoln University, NZ 2010 1628 AY531896
† note that i solate FSS was  not sequenced
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Table 6-3 Recovered Beauveria isolates (from soil) obtained during vegetable trials’ 1 and 2, and pine trial 1 and 2; for homology comparison 
with AgResearch isolates’ F480, F532, F679 and F686. 
 
 
Experiment
Isolate 
experimental code Species Origin Collection date
Isolate 
homologue % relatedness
Vegetable trial 1 F109 - V1 Beauveria bassiana  (Clade A) soil, pot 109 treatment soil control (no inoculum), Lincoln University Nursery, NZ 2010 F679 100
Vegetable trial 1 F29 - V1 Beauveria bassiana  (Clade A) soil, pot 29 treatment F480 + broccoli, Lincoln University Nursery, NZ 2010 F679 100
Vegetable trial 1 F31 - V1 Beauveria malawiensis  (Clade E ) soil, pot 31 treatment F532+ cauliflower, Lincoln University Nursery, NZ 2010 F532 100
Vegetable trial 1 F49 - V1 Beauveria bassiana  (Clade A) bulk soil, pot 49 treatment F679 + broccoli, Lincoln University Nursery, NZ 2010 F4_P2 92.9
Vegetable trial 1 F64 - V1 Beauveria bassiana  (Clade A) Rhizosphere soil, pot 64 treatment F679 + cauliflower, Lincoln University Nursery, NZ 2010 F679 100
Vegetable trial 2 F12 - V2 Beauveria bassiana  (Clade A) Soil, pot 12 treatment soil control (no inoculum), Lincoln University Nursery, NZ 2010 - -
Vegetable trial 2 F33 - V2 Beauveria malawiensis  (Clade E ) soil, pot 33 treatment F532+ cabbage, Lincoln University Nursery, NZ 2010 F532 100
Vegetable trial 2 F46 - V2 Beauveria bassiana  (Clade A) soil, pot 46 treatment F480 + cabbage, Lincoln University Nursery, NZ 2010 F480/F679 99.3
Vegetable trial 2 F53 - V2 Beauveria bassiana  (Clade A) soil, pot 53 treatment F679 + cabbage, Lincoln University Nursery, NZ 2010 - -
Vegetable trial 2 F61 - V2 Beauveria bassiana  (Clade A) Soil, pot 61 treatment soil control (no inoculum), Lincoln University Nursery, NZ 2010 F480 99.3
Vegetable trial 2 F62 - V2 Beauveria bassiana  (Clade A) Soil, pot 62 treatment soil control (no inoculum), Lincoln University Nursery, NZ 2010 F46_V2 100
Vegetable trial 3 F127 - V3 Beauveria bassiana  (Clade A) soil, pot 127 treatment F480 + onion, Lincoln University Nursery, NZ 2010 F480 100
Vegetable trial 3 F14 - V3 Beauveria malawiensis  (Clade E ) soil, pot 14 treatment F532 + onion, Lincoln University Nursery, NZ 2010 F532 100
Vegetable trial 3 F2 - V3 Beauveria bassiana  (Clade A) soil, pot 2 treatment F480 + celery, Lincoln University Nursery, NZ 2010 F480 100
Vegetable trial 3 F17 - V3 Beauveria malawiensis  (Clade E ) soil, pot 17 treatment F532 + celery, Lincoln University Nursery, NZ 2010 F532 100
Vegetable trial 3 F25 - V3 Beauveria bassiana  (Clade A) Rhizosphere soil, pot 25 treatment F679 + celery, Lincoln University Nursery, NZ 2010 F679 100
Vegetable trial 3 F43 - V3 Beauveria bassiana  (Clade A) bulk soil, pot 43 treatment F679 + onion, Lincoln University Nursery, NZ 2010 F679 100
Pine trial 1 F72 - P1 Beauveria bassiana  (Clade A) soil, pot 72 treatment F679 + Pinus radiata , Lincoln University Nursery, NZ 2010 F679 100
Pine trial 1 F84 - P1 Beauveria malawiensis  (Clade E ) soil, pot 84 treatment F532 + Pinus radiata , Lincoln University Nursery, NZ 2010 F532 100
Pine trial 1 F86 - P1 Beauveria bassiana  (Clade A) Soil, pot 86 treatment soil control (no inoculum), Lincoln University Nursery, NZ 2010 F480 100
Pine trial 1 F89 - P1 Beauveria bassiana  (Clade A) Soil, pot 89 treatment Pinus radiata  control (no inoculum), Lincoln University Nursery, NZ 2010 F679/F686 100
Pine trial 1 F43 - P1 Beauveria bassiana  (Clade A) soil, pot 43 treatment F480 + Pinus radiata , Lincoln University Nursery, NZ 2010 F480 98.6
Pine trial 1 F37 - P1 Beauveria bassiana  (Clade A) soil, pot 37 treatment F686 + Pinus radiata , Lincoln University Nursery, NZ 2010 F686 100
Pine trial 1 F37-2 - P1 Beauveria bassiana  (Clade A) soil, pot 37 treatment F686 + Pinus radiata , culture 2, Lincoln University Nursery, NZ 2010 F480 99.3
Pine trial 2 F37 - P2 Beauveria bassiana  (Clade A) soil, pot 37 treatment F480 + Pinus radiata , Lincoln University Nursery, NZ 2011 F480 99.3
Pine trial 2 F17 - P2 Beauveria malawiensis  (Clade E ) soil, pot 17 treatment F532 + Pinus radiata , Lincoln University Nursery, NZ 2011 F532 100
Pine trial 2 F4 - P2 Beauveria bassiana  (Clade A) soil, pot 4 treatment F679 + Pinus radiata , Lincoln University Nursery, NZ 2011 F679 100
† Note F53 not sequenced, (-) indicates  no i solate homologue
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Figure 6-5 Phylogenetic tree of 39 soil-recovered Beauveria isolates and endophytes for 
comparison with original inoculum F480, F532, F679 and F686; from a 474 
bp sequence alignment of the elongation factor 1-α gene. The tree is drawn to 
scale, with branch lengths in the same units as those of the evolutionary 
distances used to infer the phylogenetic tree. 
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 74 
 
6.4 Discussion 
The results from the endophyte sequence comparison demonstrated that eight of the 11 B. 
bassiana endophytes that were isolated from P. radiata and B. oleracea roots in addition to 
pine seed were not homologous with any of the original inoculum used during this study 
(F480, F532, F679 and F686). However, two of the eleven were identified as identical in 
sequence to isolate F480 (E3-V2, E79-P1) and one to F679 (E64-P1). No Beauveria was 
observed growing endophytically from Brassica seeds, and no fungi or bacteria were 
observed from these seeds after 21 days incubation. The methodology for surface sterilisation 
was appropriate for pine seed and roots, but the surface area to volume ratio was much 
smaller for pine seeds and roots compared to the Brassica seeds. Additionally, the Brassica 
seeds may have been more permeable than the pine seeds resulting in complete seed 
sterilisation and consequently growth of any endophytes may have been inhibited.  
The eight background Beauveria endophytes isolated from pines, broccoli and cauliflower 
seedlings were found to be 100 % homologous, for the section of the EF1-α gene compared, 
with each other and ARSEF isolate 1628; which was isolated from an insect host 
(Lepidoptera: Noctuidae) in Hungary (Rehner and Buckley, 2005). However, as a relatively 
short segment of the EF1-α gene was analysed in comparison with the sequence information 
available for isolate 1628 in the Genbank depository, it is possible that isolate 1628 could 
vary on the part of the EF1-α gene not sequenced from the endophytes, in addition to the 
possibility of being genetically discrete at other loci. Genetic homology of a partial sequence 
may therefore not indicate true isolate identity.  However, three of the endophyte isolates 
obtained during this investigation were homologous with two of the original soil inoculum 
isolates, F480 and F679, and the alignment of the background endophytes with ARSEF 
isolate 1628 may indicate that many B. bassiana species have the capacity to infect a plant 
host as an endophyte. Despite the partial sequence comparison, the alignment of the ARSEF 
isolate 1628 with the endophytic isolates support the conclusion along with the present 
literature that endophytic Beauveria are common and ubiquitous (Akello et al., 2007; Bing 
and Lewis, 1992; Gomez-Vidal et al., 2006; McGee, 2002; Ownley et al., 2010; Ownley et 
al., 2008; Powell et al., 2009; Quesada-Moraga et al., 2009; Reay et al., 2010; Tefera and 
Vidal, 2009; Vega, 2008; Zabalgogeazcoa et al., 2008). 
It is difficult to make inferences about the pathogenicity of the background endophyte isolates 
compared to the ARSEF Beauveria isolate 1628, which was collected from a moth cadaver. 
Among all the endophyte and original isolates, only F686 and E47-P1 were assessed for 
pathogenicity to insects using Tenebrio molitor (mealworm larvae) as a model host. 
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Unfortunately the pathogenicity trial was not replicated and was abandoned before completion 
(due to earthquakes), rendering the results inconclusive. However, from what was observed, 
the LT50 
Measuring pathogenicity to insects by the LT
of E47-P1 was similar to isolate F686. The pathogenicity of isolate E47-P1 against 
T. molitor could therefore be considered typical for B. bassiana species, and as this isolate 
represented eight of the endophyte isolates from this study in the homology assessment, it is 
likely that the other Beauveria endophytes isolated during this project have the capacity to 
infect and kill an insect host within the average length of time that is typically observed for 
this species. Additionally, Reay et al. (2010) tested all their recovered B. bassiana endophytes 
from pines and found them to be pathogenic to T. molitor. 
50 
In this study, isolates designated as 109-V1, F86-P1, F89-P1, F61-V2, F12-V2 and F62-V2 
were recovered from control treatment soils (where no inoculum was added).  These may 
have been contaminants from isolates’ F480 or F679 inoculated soils, or perhaps a 
background soil Beauveria that shared a significant proportion of genetic homology with both 
is just the initial requirement to better 
understand Beauveria as an endophyte. Other studies have demonstrated the pathogenicity of 
endophytic B. bassiana isolates to insects in bioassays (Wagner and Lewis, 2000) (Vega et 
al., 2008) and their effect on insect pest survivorship and fecundity, as well as plant host 
health when present endophytically (Akello et al., 2008, Powell et al., 2009, Gurulingappa et 
al., 2010). However, the consequences or benefits of an endophytic life strategy to the 
entomopathogenic fungi remain unclear and ought to be thoroughly explored. The particular 
relationship between a plant species/cultivar and endophyte strain appears to be dynamic with 
some combinations demonstrating adverse effects to plant growth and some enhancing 
growth (Gurulingappa et al., 2010). This study suggests that plant host infection by Beauveria 
is potentially complex and apparently random, as Beauveria was isolated from pine seeds, 
indicating vertical transmission, but the rhizosphere colonisers also infected roots providing 
evidence of horizontal transmission. This is consistent with another study where B. bassiana 
endophytes were established in pine seedlings from both inoculated seeds and roots 
independently and recovered again, which indicates that there are multiple ways that the 
Beauveria can enter the plant (Brownbridge et al., submitted). The mechanisms for plant host 
penetration by Beauveria require further investigation, although current research is directed at 
elucidating these (Tefera and Vidal, 2009). Molecular studies of the pathogenicity of 
endophytic entomopathogenic fungi and of the plant host infection processes are also required 
to characterise the genetic mechanisms involved in order to further understand the ecology of 
these organisms.  
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of these isolates on the section of the EF1-α gene analysed. Resident Beauveria in the non 
sterile soil used was not detected prior to the initiation of these experiments and the control 
soil isolates recovered that were aligned were not homologous with any of the endophytes 
isolated. All other recovered isolates from inoculated soils were identified with the original 
inoculum, with the exception of isolate F37-2-P1, which was cultured because it had a 
different morphotype. From this homology analysis it can be concluded that the Beauveria 
colonies identified and counted during pine trial 1 and 2 and vegetable trials 1-3 were 
correctly identified with the experimental isolates used. 
 
 77 
 
     Chapter 7 
Discussion 
7.1 Rhizosphere colonisation by Beauveria spp. 
The classical perception of the ecology of entomopathogenic fungi such as Beauveria, was 
that the fungi oriented around the insect host, having no particular association or ecological 
function in the soil (Goettel et al., 2010; Jaronski, 2008; Tanada and Kaya, 1993). Regardless 
of the fact that Beauveria species have been frequently isolated from a diversity of soil 
habitats (Jaronski, 2008), including from the rhizosphere of various plants, the role that these 
fungi play in soil and in association with plants has scarcely been considered (Meyling and 
Eilenberg, 2007; Vega et al., 2009). However, the evidence from this study is that certain 
Beauveria spp. isolates have the ability to colonise the rhizosphere of multiple plant species. 
This ability demonstrates the necessity of understanding the ecology of Beauveria isolates 
intended for biocontrol (Vega et al., 2009).  
In this study, rhizosphere colonisation was evident for four Beauveria isolates (including the 
two species: B. bassiana and B. caledonica), which introduces a new paradigm to the life 
history and ecology of these fungi; the insect host is no longer the only ecological host for 
these fungi. The plant may be the important host associated with these Beauveria isolates 
providing a niche and mediating potential interactions with plant associated insects and 
possibly other organisms (such as nematodes for example). The rhizosphere, in particular, is 
the important interface between the plant host, the soil environment and the fungi. What 
remains to be determined is whether the rhizosphere offers a substitute resource to an insect 
host, or whether this resource is in addition to a potential insect host. In other words, how 
does rhizosphere colonisation affect fungal pathogenicity? 
Originally, an objective of this research was to ascertain whether the selected Beauveria 
isolates were rhizosphere competent organisms, after the manner of M. anisopliae (Hu and St 
Leger, 2002). However the definition of rhizosphere competence requires a growth response 
in the organism to adjacent developing roots, the implication being that the organism is not 
simply occupying the rhizosphere but also utilising the root exudates (Bruck, 2010; St. Leger, 
2008). Although some increase in the quantity of CFUs, for B. bassiana isolate F480, was 
observed in the rhizosphere of cabbage plants (VT2, Chapter 4), all other experiments 
suggested no growth response in any isolates after 10-12 weeks. The limitation of the soil 
volume and time may have prevented the possibility of a growth response being observed. For 
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this reason, rhizosphere competence cannot be ruled out for any of these Beauveria isolates. 
However, the concept of rhizosphere colonisation simply requires that Beauveria would 
occupy the rhizosphere, being proved by the greater quantity of CFUs in the rhizosphere 
compared with in the bulk soil. While this was certainly demonstrated for all four isolates in 
the rhizosphere of pine seedlings, only B. bassiana isolate F679 was measured for both 
rhizosphere and bulk CFU quantities in the vegetable trials. However, the persistence of each 
isolate measured in the rhizosphere of vegetable plants (F480, F532 and F679) was similar to 
the persistence of those same isolates observed in the rhizosphere of pines, although, there 
was some isolate variation among different plant types and there can be no polynomial 
assessment for the vegetable trials due to there being only one sampling. Generally though, 
from this similarity in rhizosphere persistence between all the experiments, it can be inferred 
that rhizosphere colonisation occurs on multiple plant types with variable effects perhaps 
because of isolate and plant species differences.  
Following on from the findings of this research, it would be worthwhile exploring how these 
Beauveria isolates function in the rhizosphere of various plants and whether Beauveria 
species demonstrate plant-host rhizosphere specificity in a similar manner to Metarhizium 
(Wyrebek et al., 2011). Differences in the trends between the four Beauveria isolates in the 
rhizosphere of the various vegetable plants used during this study suggest that there may be 
plant-host rhizosphere specificity for isolates of B. bassiana and B. caledonica. 
Another important observation made during this study of rhizosphere colonisation was 
rhizoplane adherence. Even after washing P. radiata root samples (root sections measured 2 
cm in length) vigorously in 0.05% Tween 80 several times, Beauveria CFUs were still 
detected (dilution series estimates suggest ca. 2400 CFUs ml-1 of homogenised root solution 
on average). This indicates a mechanism for adherence, although none has yet been described. 
However, it is impossible to determine whether the hydrophobic properties of the Beauveria 
isolates interfered with any other potential mechanism of adherence to plant cuticle without 
knowing what genes may be involved (Holder and Keyhani, 2005). In any case, 
hydrophobicity is likely to be an important factor in the mediation of plant tissue and insect 
cuticle colonisation. It was reasonable to hypothesize that the isolates with the least reduction 
in the percentage of conidia remaining after one wash with Tween 80 were also good 
rhizosphere colonisers, but the onion cuticle adherence experiment produced inconsistent 
results and there was no negative control for comparison. Experiments on plant cuticle 
adherence by M. anisopliae used a MAD2 knock-out mutant for a negative control (Wang and 
St Leger, 2007). In order to assess whether Beauveria spp. have a genotypic mechanism for 
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rhizoplane attachment, without the confounding effect of hydrophobicity, a hydrophobin 
knock-out mutant could be used. 
The fact that all the isolates selected for this study were capable of rhizosphere colonisation 
on P. radiata provides no explanation to the phenomenon observed by Glare et al. (2008). 
Beauveria caledonica colonised the rhizosphere at similar levels to the B. bassiana isolates 
within the time-frame studied, therefore rhizosphere colonisation alone does not explain why 
B. bassiana has not been observed to infect H. ater in the field. Rhizosphere colonisation is 
likely just the initial step in understanding plant mediated associations with Beauveria. 
7.2 Endophytic colonisation 
The endophytic colonisation of various plants by Beauveria is by far one of the most 
interesting discoveries with respect to the ecology of these fungi (Akello et al., 2007; Bing 
and Lewis, 1992; Gomez-Vidal et al., 2006; McGee, 2002; Ownley et al., 2010; Ownley et 
al., 2008; Powell et al., 2009; Quesada-Moraga et al., 2009; Reay et al., 2010; Tefera and 
Vidal, 2009; Vega, 2008; Zabalgogeazcoa et al., 2008). How the fungus functions when 
existing as an endophyte is still unclear. However, the ability to grow endophytically 
demonstrates further how little we have understood about Beauveria ecology, and also how 
worthwhile this area of research is. Adding to this interest is the diversity of plant species 
from which B. bassiana has been isolated from; including pine (P. radiata) (Reay et al., 
2010), broccoli, cauliflower and cabbage (Brassica oleracea subspecies) as observed in this 
study. Not all seedlings used were processed for endophyte isolation, so it is possible that 
more plant species were ‘infected’ with Beauveria. Two B. bassiana isolates (F679 and F480) 
that were inoculated into soil for the rhizosphere trials were recovered growing 
endophytically from P. radiata, which is consistent with observations from other studies 
(Gurulingappa et al., 2010; Reay et al., 2010; Tefera and Vidal, 2009). The ability to enter the 
roots of plants from the rhizosphere suggests a function for rhizosphere colonisation, rather 
than just random adherence. The confirmation of rhizosphere colonisation by Beauveria also 
validates the plausibility of the hypothesis that endophytic infection may occur through the 
consumption of hyphal fragments (CFUs) by xylem/phloem tissue (Powell et al., 2009).  
Further research is required to ascertain what genetic mechanisms may be involved in 
endophytic colonisation and what function these fungi serve for the plant host. It is yet 
uncertain whether endophytic colonisation by Beauveria is beneficial for the plant host, 
however, a few studies have indicated indirect benefits such as protection against plant 
pathogens through competition and/or induced systemic resistance (Ownley et al., 2008; 
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Quesada-Moraga et al., 2009). It is also unknown whether all B. bassiana isolates are capable 
of growing endophytically and if there is any plant host specificity among different isolates, 
or how existing as an endophyte influences pathogenicity or toxicity to insects in vivo. Indeed, 
consumption of wheat and cotton leaves infected with Beauveria by locust nymphs and 
aphids affected the fecundity of these insects (Gurulingappa et al., 2010). Again, these are 
indirect benefits to the plant host. Other fungal endophytes such as Trichoderma spp. benefit 
the host plant in a variety of ways. These fungi aid in nutrient uptake and some isolates may 
even provide enhanced resistance to abiotic stresses such as water deficiency, in addition to 
salt and temperature stress (Harman, 2011), It is possible that Beauveria endophytes may also 
provide such benefits to their host plants. 
In the vegetable trials there appeared to be a negative influence on cabbage seedling growth in 
treatments with Beauveria inoculated soil. Although Beauveria was only successfully 
recovered endophytically from one cabbage seedling, it is possible that more inoculated plants 
possessed Beauveria as an endophyte. However, this negative influence on plant growth could 
be due to other introduced variation (random variation) resulting from high inoculum levels in 
the soil and not an effect of the Beauveria in particular. It is unknown how high inoculum 
levels in soil might affect the microbial community initially with these particular plant species 
and how this in turn may affect plant health. Additionally, the foliage dry weight comparison 
had a low number of replicates and the statistical test was therefore not very powerful 
(Chapter 4), so the difference detected between the experimental control and the Beauveria 
inoculated treatments may not be meaningful. 
7.3 Biocontrol implications 
The ability of the entomopathogenic fungi Beauveria spp. to colonise the rhizosphere of 
multiple plant species and occupy a plant host as an endophyte opens up an exciting 
opportunity to potentially control a range of insect pests and plant pathogens. The use of 
Beauveria as a biocontrol agent may be a key to overcoming some of the present obstacles in 
plant disease control. The application of systemic fungicides to crops is sometimes necessary 
to control air-borne foliar pathogens, but the use of these fungicides increases the risk of 
developing resistance in these pathogens. Fungicide resistance may be avoided by inoculating 
soil or seed with B. bassiana, which may result in endophytic growth causing induced 
systemic resistance in the crops through competition or antibiosis. Induced resistance in the 
plant provides protection for the crop and reduces the probability of the development of 
fungicide resistance in the pathogens that attack the plants, due to decreased fungicide usage 
(Ownley et al., 2010). Furthermore, endophytic Beauveria may also reduce potential insect 
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damage to the plant, or affect the insect population indirectly by reducing fecundity 
(Gurulingappa et al., 2010; Ownley et al., 2010).  
 
Future research is necessary to evaluate how these entomopathogens may be manipulated as 
endophytes for use in biological control of insect populations, and to what extent these fungi 
affect insect populations as endophytes, or as rhizosphere colonisers. In particular, it would be 
interesting to assess the effect of B. caledonica in the rhizosphere of pines, or on pine bark 
beetle populations. Additionally, future studies could also assess if there is any interaction 
between B. caledonica in the rhizosphere with B. bassiana as an endophyte in the pines. 
There are certainly more questions yet to be explored before these fungi can be optimised as 
biocontrol agents, but the opportunity provided by the insights found in studies such as these 
indicates a purpose for pressing forward. 
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Appendix B 
Homology distance matrix 
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F29-V1              98.6 100 100
F686            98.6 100 100 100
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